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FOREWORD

The work described in this report is part of an alkali metal boiling and
condensing heat transfer program conducted by the General Electric Company for
the National Aeroneutics and Space Administration under NASA Contract NAS 3-
2528. The work was done under the technical management of Mr. F. E. Tippets,
Missile and Space Division General Electric Company, and Miss Ruth N, Weltmann,
Space Power Systems Division, NASA-Lewis Research Center.
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ABSTRACT

Forced convection heat transfer and pressure change data for condensation
of potassium in vertical downflow inside single tubes are presented. These
data, obtained at saturation temperatures from 1100°F to 1400°F, inlet vapor
Mach numbers from about 0.1 to near 1.0 and local heat fluxes up to
300, 000 Btu/hr—ftz, provide a reasonable basis for thermal design of forced

convection potassium condensers applicable to space power systems.
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SUMMARY

Tests to measure local condensing heat transfer coefficients and two-
phase pressure change for potassium in forced convection were done in a
Stainless steel test rig at condensing temﬁeratures from 1100°F to 1400°F,
inlet vapor Mach numbers from about 0.1 to nearly 1.0, local vapor qualities
of about 0.2 and 0.8, respectively, and local heat fluxes up to about
300,000 Btu/hr—ftz. The tests were conducted using 36-inch long single
tubes, cooled by sodium in counterflow, with the potassium in vertical
downflow. Two different tube sizes were used, 3/8-inch and 5/8-inch ID.

The tests were conducted both with and without inserts in the tubes.

The local condensing potassium heat transfer coefficients were found to
be relatively high, typically above 10,000 Btu/hr—ft2—°F. The data indicate
that this value of the coefficient is a reasonably conservative design choice
for forced convection condensing of potassium in tubes over the range of

variables tested.

The measured condensing heat transfer coefficients are generally lower
than condensing potassium coefficients calculated by considering only the
thermal resistance due to heat conduction through the liquid film, thus
indicating the presence of an additional thermal resistance. It was possible
to correlate the data by assuming the additional resistance was at the vapor-
liquid interface and using an approach based on kinetic gas theory. This
treatment resulted in an empirical value of 0.2 for the condensation coefficient

associated with the resistance at the interface.

Pressure change data was obtained by relating the measured potassium
temperatures in the condenser to the corresponding saturation pressures. Although
the pressure changes were quite small, in the order of less than l-psi, reasonably

good agreement was found between the experimental overall two-phase friction



pressure drop multipliers obtained from these measurements and those estimated

using the conventional Martinelli flow model modified for potassium.

The experimental results and associated analyses presented in this report
provide a reasonable basis for thermal design of forced convection potassium

condensers.




I INTRODUCTION

Design of condensers for Rankine cycle space power systems using potassium
as the working fluid requires knowledge of the heat transfer and fluid dynamic
characteristics of condensing potassium in forced convection. At the time the
work described in this report was initiated there were no data available on
forced cunvection condensing of potassium in tubes. Therefore, the experi-
mental program reported here was conducted to obtain basic data on potassium

condensing in single tubes.

The tests were done with the potassium in forced convection vertical
downflow over the range of condensing temperatures from 1100°F to 1400°F,
inlet vapor Mach numbers from about 0.1 to nearly 1.0 and local heat fluxes
up to about 300,000 Btu/hr—ftz. The test results include pressure change
data and measurements of local condensing heat transfer coefficients in 36-inch
long tubes of two different sizes, 3/8-inch ID and 5/8-inch ID, both without

inserts and with three different inserts in the 5/8-inch ID tube.

Vertical downflow of the condensing potassium was chosen in order to
eliminate the effect on the flow patterns in the condenser tube of having a
component of the gravity force normal to the tube wall. The condenser tubes
were cooled by sodium in counterflow outside the tube, in order to provide
means for accurately measuring the total heat transfer rate and to have condensing
heat flux distributions similar to those which would occur in a liquid metal
cooled tube-in-shell condenser. Local condensing heat transfer coefficients were
measured, rather than overall coefficients, in order to obtain better accuracy
for the condensing coefficient determinations and to provide basic data which

would be useful for development and design of space power condensers.

The experimental results and associated analyses are presented in detail

in the following sections of this report.



II SUMMARY OF LITERATURE SURVEY

In general, condensation heat transfer can be considered to occur in one

or a combination of three different modes, as follows:

(1) Droplet formation in the vapor stream
(2) Dropwise condensation on the cooling surface

(3) Film condensation on the cooling surface

Due to its wetting characteristics, potassium probably condenses as a
liquid on the cooling wall in forced convection flow. Therefore, the following

discussion of the literature will treat only this mode of condensation.

Until recent times, data on condensation heat transfer has been available
only for fluids with high Prandtl numbers. For these fluids the analytical
prediction of Nusselt for a falling film in a stagnant vapor has been found
to generally apply (Reference 12). However, more recently available data on
condensing heat transfer for liquid metals of low Prandtl number indicate that
the simple liquid film analysis proposed by Nusselt is not adequate for these

fluids (References 13-20).

A number of analytical investigations (References 21-29) have been undertaken
to modify Nusselt's model to include such effects as vapor shear, film turbulence
and fluid property variation across the liquid film. However, none of these
treatments, for which it is assumed that the liquid film is the only thermal
resistance, succeed in bringing the analytical predictions into agreement with

measured condensing heat transfer coefficients for the low Prandtl number fluids.

Some evidence of the existence of a substantial additional thermal resistance
besides that associated with the liquid film has been presented by Rohsenow and
Sukhatme for mercury condensing on the outside of a 3/4-inch OD x 6-inch long tube
in a gtagnant vapor chamber (Reference 16). Their results for mercury condensing

on the outside of this vertical tube were:




(1) The measured liquid film thicknesses are in reasonable agreement

with those predicted by the Nusselt model .

(2) The measured condensing heat transfer coefficients are as much
as two orders of magnitude lower than those predicted by the

Nusselt theory.

On the basis of these observations, Sukhatme and Rohsenow concluded that
for mercury and other low Prandtl number fluids there is a significant vapor
phase thermal resistance, which is additive to the liquid film resistance.
This vapor phase thermal resistance also may be present with high Prandtl
number fluids, but for these fluids it would be negligible in comparison with

the thermal resistance of the liquid film.

As pointed out by Wilhelm (Reference 30), the presence of a non-
condensable gas can lower the condensing heat transfer coefficient. Thus, this
is another possible cause of the large difference between measured condensing
heat transfer coefficients for low Prandtl number fluids and those calculated

using the liquid film analyses.




II1 TEST APPARATUS

Facility

An isometric drawing of the test facility is presented in Figure 1.
Figure 2 shows the facility during initial stages of construction and
Figure 3 shows the completed facility prior to initial operation. The
entire facility, except the test section, is constructed of Type 316
stainless steel, which was selected on the basis of its strength and

compatibility with alkali metals at temperatures to 1600°F.

Potassium vapor was generated in a pot boiler heated by electrical
immersion heaters. The pot boiler, shown in Figure 4, was constructed of
a 12-inch Schedule 40 pipe tee and caps, with a flat plate serving as the
flange for the heaters. Twenty immersion heaters, each rated at 4,7 KW
were installed in the boiler, as shown in Figure 5. These heaters were
electrically connected so that no single heater could exceed a 3.6 KW
electrical input. Two types of artificial nucleating sites were employed

in the boiler. The first type, referred to as a "hot finger', consisted

of a l-inch OD Type 316 stainless steel bar containing a 0.040-inch OD hole.

Three of these "hot fingers" were located in the bottom of the boiler.

Independent electrical heaters maintained the "hot fingers'" above the

potassium saturation temperature. A second type of artificial nucleator, which

was made of one-inch long sleeves shrunk onto the bottom row of immersion heaters,

was also provided. No measurable effect of either of these types of nucleators

on loop operation was noted.

As indicated in Figure 1, the vapor generated in the boiler flowed through

an 8-foot vertical length of two-inch Schedule 40 pipe, a 14-inch throttle valve,

a 10-foot horizontal run of l-inch Schedule 40 pipe, and then passed down through

the sodium-cooled test section where it was condensed. During test operation, the

liquid-vapor interface was maintained below the test section in the head tank.



After exiting from the test section and head tank, the liquid condensate
passed through a thermal calorimeter, an induction electromagnetic pump
and an electromagnetic flowmeter into the boiler. All pipe lines were

wrapped with Inconel sheathed Chromel "A" heating wire for preheating.

The sodium loop, an all-liquid loop, was used to cool the test condenser.
The sodium flowed vertically upward through the test section annulus where it
was heated by the condensing potassium, flowed through 8-foot lengths of 1-inch
and 2-inch Schedule 40 pipe, respectively, and then passed through a conduction
electromagnetic pump and an electromagnetic flowmeter. The sodium then passed
through a tube-in-shell air cooler where heat was rejected, after which the
sodium returned to the test section. A dump tank was provided in the loop for

storing the sodium during shutdown.

For purification of the potassium, a bypass hot trap, shown in Figure 6,
was installed in parallel with the test condenser. The hot trap, which
contained approximately 4 lbs of zirconium gettering material, provided hot
trapping to remove oxide from the potassium during flushing of the loop prior
to the beginning of operation. In the sodium loop, a diffusion cold-trap was
provided. This cold-trap was in the form of a cold leg between the sodium pump

and dump tank to allow oxide precipitation during operation.

Test Section

A schematic drawing of the condensing test section used in this series of
experiments is shown in Figure 7. Potassium condensation occurred inside a
thick walled nickel tube which was cooled by a countercurrent sodium flow in
the surrounding annulus. Operation was with the condenser tube axis vertical

and the potassium in vertical downflow.

During this investigation, experimental data were obtained for five

condensing geometries, which are listed below in the chronological order of




testing:

Number Geomet ry
1 5/8-inch ID tube with no insert
2 5/8-inch ID tube with an unistrumented tapered pin insert
3 3/8-inch ID tube with no insert
4 5/8-inch ID tube with an instrumented helical insert
5 5/8-inch ID tube with an instrumented 1/4-inch OD tubular insert

The three inserts which were tested are shown in Figure 8.

The condenser tubes were thick-walled and were made of high-purity nickel
(99.95%+) which was selected for its high thermal conductivity in combination
with its compatability with the alkali metal test environment. The tubes
had an active heat transfer length of 36-inches (Figure 7). The potassium flow
passage was concentric with the outside surface diameter of the tube to within
0. 003-inch.

To calculate the condensing heat transfer coefficients, measurements of
the local heat flux, inner wall temperature and vapor temperature are required.
These measurements were made at two stations in the condenser, one at about 20%
and the other at about 80% of the condensing length measured from the potassium
vapor inlet (Figure 7). To determine the inner wall temperature and heat flux
at these two measuring stations, thermocouples were located in holes drilled
by an electrical discharge process from each end of the thick-walled nickel
tube parallel to the axis of the tube. There were five of these holes at

each end of the nickel tube, located as shown in Figure 9.

The drilled thermocouple holes were 0.050-inch in diameter and 9-inches
deep, and their radial location was held within a tolerance of 0.004-inch over

their length, as determined by radiographic examination. Two of the five holes



at each measuring station were located close to the tube inside surface, one

hole was located at an intermediate radial position, and two holes were located
close to the tube outside surface (Figure 9). One thermocouple was placed in
each of the thermocouple holes at the depths for each measuring station indicated
in Figure 7. The axial positions indicated in Figure 7 are estimated to be

correct within less than + 1/16-inch error.

Potassium vapor temperatures were measured only at the test section inlet
and outlet with the first three test section geometries. However, with test
section geometries No. 4 and No. 5, thermocouples were located in the test
section inserts along the condensing length to measure directly the potassium

axial temperature distribution.

In addition to the thermocouples located within the nickel tube wall and
in the potassium stream, thermocouple wells were provided to measure the sodium
inlet and outlet bulk temperature. Figure 10 shows the sodium inlet end of the
test section with three thermocouple wells spaced 120° apart for measuring the
inlet bulk sodium temperature. A similar arrangement was provided at the sodium

exit.

Figure 11 shows one end of the 3/8-inch inside diameter nickel condenser
tube with a stainless steel adaptor pipe brazed into place for connection of
the nickel condenser tube to the potassium loop piping. Arrangements identical
to this were used at both ends of each test section. 1In addition to the adaptor
pipe arrangement shown in Figure 11, each end of the nickel condenser tube was
fitted with a 2-inch OD stainless steel tube which was welded to the outside
surface of the nickel tube at each end and was used to join the nickel tube
to the surrounding sodium-containing shell. The space between the adaptor pipe
and the 2-inch OD tube connecting the condenser tube to the shell formed an

annulus which was open to the atmosphere, through which the tube wall thermo-

~-10-




couples were installed. This arrangement, which can be seen in Figure 7,
avoided crossing either the sodium or potassium streams with the wall thermo-
couple leads, thereby avoiding mechanical complexity and undesirable flow

disturbances.

The test section outer shell was constructed of 23-inch Schedule 80 pipe
with two enlarged end fittings made from standard pipe reducers and flat plates.
Each end of the test section was internally baffled on the sodium side with a
perforated disc. Concentricity between the test section shell and the thick
walled nickel condenser tube was maintained by small spacers which were
attached to each end of the nickel tube. Flexibility to accommodate lengthwise
differential thermal expansion between the stainless steel shell and the nickel
tube was provided by a guided 3%-inch OD bellows located at the bottom end of the

outer shell.

Figure 12 shows a condenser tube with the adaptor pipes attached and shows
an assembled condensing test section. The condenser tube is shown adjacent to
the assembled test section to indicate its relative length and location within

the test section shell.

Figure 13 shows the test section installed in the facility before covering
it with thermal insulation. As shown, in the Figure, the test section was
surrounded by a structural framework to minimize bending and to maintain a
vertical orientation. The supporting structure allowed the test section to
expand vertically but prevented deviation from vertical orientation of more than
+ 1/16-inch in the 28-inch length between the supports. The shell thermocouples
shown in Figure 13 were used during initial operation with Test Section No. 1 to
check on the axial symmetry of the sodium flow. For subsequent operation, two
thermocouples were attached to the shell at the sodium inlet, at the sodium outlet

and in the middle of the test section.

-11-



The first of the three inserts tested consisted of a non-instrumented
tapered pin which had diameters of 1/32-inch and 3/8-inch at the test section
inlet and outlet, respectively (Figure 8-a). This insert was used to simulate
a tapered tube flow geometry by providing a gradually reducing flow cross-
section to the condensing potassium stream. The insert was held concentric with
the inside diameter of the condensing tube by wire prongs welded at two positions,
approximately ll-inches and 30-inches, respectively, from the test section inlet.
The tapered pin was also secured in the axial direction by a hairpin shaped yoke
attached to the upstream end of the insert and tack-welded to the pipe inside

surface above the test section inlet.

The second insert used was an instrumented helical insert of pitch-to-
diameter ratio equal to 6 (Figure 8-b). This insert consisted of a_single
helical ribbon wound around a 1/4-inch outside diameter centerbody tube
(Figure 14). The centerbody tube penetrated the potassium loop piping through
a fitting located above the test section inlet, as shown in Figure 14. Twelve
thermocouples were located in the insert centerbody tube. Three of the thermo-
couples were located upstream of the active condensing heat transfer length,
and the other nine thermocouples were placed at positions about 5-inches apart
along the active condensing length (two thermocouples were located together at
the potassium outlet). The loop piping penetration for the centerbody tube was
made at an enlargement in the potassium loop piping, which consisted of two
eccentric reducers welded together back to back. This arrangement was used for
two purposes; first, to permit a gradual long radius bend in the insert tube
which made insertion and removal of the thermocouples possible without requiring
bending of the thermocouples, and secondly, to provide a penetration location

which had the proper angle and accessibility for satisfactory welding.

The third insert was similar in arrangement to the one shown in Figure 14,
except that instead of being a helix it was a straight 1/4-inch OD tube
(Figure 8-c). This straight tubular insert was held concentric with the test
section by means of wire prongs and guide vanes. The tubular insert also contained
twelve internal thermocouples, which were distributed in a manner similar to that
used for the helical insert, to measure the axial temperature distribution of the
condensing potassium,
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Figure 2. Condensing Test Facility During Construction
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"Drilled
' Thermocouple
{Hole

Figure 9. End View of 3/8-inch ID Condenser Tube Showing
Drilled Thermocouple Holes
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Figure 11. End View of 3/8-inch ID Condenser Tube Showing Potassium
Loop Adaptor Pipe and Wall Thermocouple Holes
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Figure 13.

Test Condenser Installed In Condensing Test Facility
(She1l1l thermocouples shown were used during initial
operation with Test Section No. 1 to check symmetry
of sodium flow).
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IV EXPERIMENTAL TECHNIQUE

Test Procedure

During two-phase operation, the independent parameters in the

Condensing Test Facility were:

Boiler power, qb
Air flow rate to sodium air cooler, W

A

Sodium flow rate, W
Na

Auxiliary heat input

oW N

The dependent parameters are:

. Potassium flow rate, WK

. Potassium vapor temperature, TK

Na

1
2
3. Sodium temperature, T
4., Test section ianlet quality, X

I

Auxiliary heat input and heat losses are assumed to be negligible, and
the potassium is assumed to be 100% saturated vapor at the test section inlet.
With these assumptions the potassium vapor flow rate is related to the boiler

power, as expressed by Equation (1) and Sketch a.

q
b
= —— (1
Y =X
z
0
-
<]
m
g &
3
SN
n o 1
i Slope = ——
8 & A
A

Boiler Power, ay,
Sketch-a
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Neglecting heat losses, the boiler heat input is equal to the heat
rejected to the sodium coolant in the test condenser, as expressed by

Equation (2).

= = w d
9% = 9 = "xa CPya (Tyao ™ Tyar’ 2
The coupling between the sodium and potassium loops occurred in the
test condenser and can be expressed in terms of U the overall heat transfer
icient - the 1
coefficient, Ac the test condenser heat transfer area, (TK TNa)LM e log
mean temperature difference, and 9 the test section heat input, as given

by Equation (3).

dc = U Ag (Ty - Ty im (3)

The heat transfer resistance of the thick-walled nickel tube was large
compared to the sodium and potassium thermal resistances. Thus, the overall
heat transfer coefficient was approximately constant during testing. The
liquid level was maintained below the test section exit. Thus, the condensing
heat transfer area was constant and was equal to the total area of the test
condenser, Therefore, the coupling between the sodium and potassium loops

expressed by Equation (3), was as illustrated by Sketch-b and Sketch-c.

(T ~ Tna) 1w

Sketch-b
-28-




1000 1100

The heat gained by the sodium in the test section was rejected to air
in the sodium loop air cooler (Figure 1). The heat rejection rate is given
by Equation (4), for which it is assumed the air-side heat transfer coefficient
h, is controlling. Sketch-d illustrates the functional relationship between the

A
heat rejection rate and the sodium temperature,

= = - 4
9o =9 =By Ao Ty, ~ Ty (9
Increasing Air
Flow Rate
«
o
TNa
Sketch-d
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The sodium flow rate was maintained constant at its maximum value
during testing. Thus, the sodium flow rate was not employed as a test

parameter.

The system response to an increase of boiler power will now be
discussed. An increase of boiler power results in a corresponding increase
in potassium vapor temperature, in order to enable rejection of the additional
heat input in the test section. With a constant air flow rate to the sodium
cooler, the sodium temperature also increases to allow rejection of the additional
heat rate to the air, as indicated in Sketch-d. When steady-state is reached,
the potassium temperature will have increased more than the sodium temperature
increase, since, as indicated in Sketch-b the test section log mean temperature
di fference between the potassium and the sodium must also increase in order to
allow an increase in the condenser heat transfer rate. The potassium flow rate
will have increased also, due to the increased boiler power, as shown in
Sketch-a. If the air flow rate is increased at fixed boiler power, the sodium
temperature will decrease, thereby lowering the potassium condensing temperature,
as indicated in Sketch-c. Thus, at fixed boiler power the potassium condensing
temperature can be controlled by adjusting the air flow rate to the sodium
cooler. These characteristics of the system formed the pasis of the condensing

test procedure. The sequence of steps used in the operating procedure was as

follows:

1. The potassium loop was first evacuated at 600°F to a pressure of
approximately 25 microns. The difference between liquid and vapor temperatures
in the boiler was used to check for the partial pressure of inert gases in the
system. If a substantial difference (greater than 10°F) between those

temperatures was obtained, the loop was re-evacuated and the process was repeated

to the extent required.
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2. Next, sodium flow was established, a boiler power was set, and
the temperature of the sodium was adjusted using the air cooler and line
heat to bring the potassium vapor at the test section inlet to the desired

temperature.

3. Tests were conducted at constant boiler power by systematically
varying the sodium temperature to obtain data for potassium vapor inlet

temperatures over the range from 1100 to 1400°F.

4. When a group of tests was completed at a given boiler power, the

boiler power was changed, and then step-3 was repeated.

This procedure was repeated to provide condensing heat transfer data,
with condenser heat transfer rate and condensing temperature as parameters,
for each of the five test section geometries. TFigure 15 shows the range of
operating capability of the Condensing Test Facility, within which the
condensing tests were conducted. Line CD is the 1600°F temperature limit of
the facility and line AE sets the lowest temperature of interest at 1100°F.
Line AB sets the boiler power limit for choked flow in the test condenser.
Line BC sets the maximum boiler power at 50 KW. Line DE sets the minimum
net boiler power at 4 KW for a minimum condensing heat flux of 30,000 Btu/hr-ft2

for a 36-inch long 5/8-inch ID condenser.

Prior to the beginning of condensing test operatioh for Test Set No. 1,
liquid tests were made to obtain operating experience with the test facility
and to gain familiarity with the test section instrumentation. Potassium liquid
heat transfer coefficients were calculated from these data. These data are

presented in Appendix A.

Flow Rate Measurement

The potassium and sodium flow rates were measured using electromagnetic
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flowmeters. A calorimetric method was used to calibrate the flowmeters, as

described in Appendix B.

Temperature Measurement

Sheathed, capped, 0.040-inch diameter, chromel-alumel thermocouples were
selected for the temperature measurements, on the basis of their stability and
relatively high emf output in the 1100-1400°F temperature range. The high
output of the chromel-alumel thermocouples, approximately 23 micro-volts/°F,
minimized temperature errors due to instrumentation noise. The instrumentation

noise was generally less than + 3 micro-volts, which correspond to + 0.13°F.

During the early stages of the program it became evident that the
condensing heat transfer coefficient for potassium was relatively high, in the
order of 10,000 Btu/hr—ft2—°F. Thus, accurate calibration of the test section
thermocouples became necessary. For the calculation of the condensing heat
transfer coefficient a difference between the vapor and wall temperatures is
needed. Therefore, it was not necessary to calibrate each thermocouple on
an absolute basis, but only to obtain accurate in-place calibration of the test

section thermocouples relative to each other.

Both before and after each test set, the thermocouples in the potassium
fluid and in the nickel tube wall were calibrated in-place relative to one of
the potassium thermocouples, at temperatures of 1200 and 1300°F, as discussed
in detail in Appendix C. On the basis of these calibrations each thermocouple
was assigned a temperature correction as a function of temperature. The sodium
well thermocouples were also calibrated in-place relative to one of the inlet

sodium well thermocouples using a technique described in Appendix C.

Early calibration attempts were hampered by inhomogeneities in the
chromel-alumel sheathed thermocouples, which were caused by small bends made
during installation. These inhomogeneities were detected by moving a soldering

iron at about 700°F along the exposed thermocouple length, after installation,
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and observing the thermocouple reading. In the early stages of the program
it was not uncommon to obtain outputs due to inhomogeneities as great as
500 micro-volts (20°F). Thermocouples for which the homogeneity check
indicated an output greater than 50 micro-volts were replaced. In addition,
individual ice junctions were used for each thermocouple to reduce errofs

caused by junction emf's.

As a further effort to assess temperature measurement accuracy, the
magnitude of distortion of the temperature field in the thick-walled nickel
tube caused by the axial thermocouple holes was estimated analytically. The

results of this study are discussed in Appendix D.

To calculate the condensing heat transfer coefficient, the potassium
saturation temperature, heat flux, and inner wall temperature had to be
determined. During reduction of the condensing data, the inner wall temperature
and heat flux at each measuring station were obtained from the nickel tube
wall radial temperature profile. The method used is discussed in Appendix E,
which describes the condensing data reduction in detail. Figure 16 shows two
typical radial temperature profiles (obtained during Test Set No. 5). As
discussed in Appendix E, a least squares procedure was employed to fit the
measured temperature within the nickel tube wall using the integrated Fourier
conduction equation. The local inner wall heat flux, q/Ai, was obtained from

the slope of the radial wall temperature profile.

For the five test sets, two different methods were used to determine
the local potassium temperature at the measuring stations. For the first
three test sets, which included the 5/8-inch and 3/8-inch ID plain tubes
without inserts and the 5/8-inch ID tube with tapered pin insert, only the
potassium inlet and outlet temperatures were measured. For these data the
local potassium temperature at the measuring stations was estimated by linear
interpolation between the measured inlet and outlet temperatures, with correction
for friction pressure drop in the inlet pipe from the temperature measuring

point to the test section inlet. For the last two test sets, which consisted of the
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5/8-inch ID tube with the instrumented helical insert (Test Section No. 4)
and with the instrumented tubular insert (Test Section No. 5), the local

potassium temperature was measured directly with the insert thermocouples.

In Figure 17 are shown two potassium axial temperature distributions
and corresponding saturation pressures at an inlet temperature of 1150°F
for two mass velocities which were measured in the 5/8-inch iD tube with
tubular insert. The pressure profiles indicate that in both cases the
frictional pressure drop near the test section inlet exceeds the pressure
rise due to momentum reduction, but is less than the momentum pressure rise
near the test section exit. A net pressure increase is indicated over the
condensing length for both cases.. A larger pressure rise across the test

section was obtained at the higher mass velocity.

In Figure 18 are shown two potassium axial temperature distributions
and corresponding saturation pressures for inlet temperatures of 1300°F
and 1400°F at a superficial mass velocity of approximately 13 1b/sec—ft2,
which were also measured in the 5/8-inch ID tube with tubular insert. For
the lower inlet temperature, a larger momentum pressure increase was obtained.
This is caused by the larger inlet vapor velocity at the lower temperature
for the same flow rate. The precision of the insert thermocouples is indicated
by examination of Figure 18b. As can be seen, the total temperature variation
between the test section inlet and outlet was less than 2°F, and the maximum
scatter of the measured temperatures is less than 0.5°F at 1400°F. Included
in Figure 18 are the measurements of the last two of the three t hermocouples
which were located in the vapor inlet pipe upstrcam of the condensing heat
transfer section. These thermocouples show thal the pressurc in the inlet

vapor pipe decreases as a function of length, due to friction pressure drop.

Figure 19 shows two typical potassium temperature distributions measured
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using the instrumented helical insert (Test Set No. 4), one for a mass
velocity of 7.4 lbs/sec—ft2 and the other for a mass velocity of 14 lbs/sec-ft2
at an inlet vapor temperature of 1200°F. As can be seen from Figure 19, there
vas a net pressure drop across the condenser with the helical insert, due to
the friction pressure drop being larger than the momentum pressure rise.
Increasing the mass velocity tended to increase the net pressure drop

(compare Figure 19b with Figure 19a).
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V CONDENSING POTASSIUM HEAT TRANSFER RESULTS

A Summary of the test conditions used with each of the five condenser
test section geometries is given in Table 1. The experimental condensing
heat transfer data obtained are given in Tables 2 to 6. The data reduction
Procedures employed are described in Appendix E. A discussion of estimated
errors in determination of the condensing heat transfer coefficients is given

in Appendix F.

For purposes of discussion, the results from Test Set No. 4 (5/8-inch ID
tube with instrumented helical insert, P/Di = 6) and Test Set No. 5 (5/8-inch ID
tube with instrumented 1/4-inch OD tubular insert) are presented together. These
data, given in Tables 2 and 3, are the most reliable of the data obtained for
the five test sections because the local potassium temperature was measured
directly using thermocouples in the inserts. The results from Test Sets No. 1,
2 and 3, for which the local potassium temperatures were estimated by linear
interpolation from measurements at the test section inlet and outlet, are

Presented as a second group.

Results From Test Sets No. 4 and 5

The heat transfer results obtained using an instrumented helical insert in
a 5/8-inch ID tube (Test Set No. 4) and an instrumented 1/4-inch OD tubular
insert in the same 5/8-inch ID tube (Test Set No. 5) are presented in Figures 20
and 21 and in Tables 2 and 3. The two sets of data are presented together for
Comparison in Figure 22. Calculated values of the condensing heat transfer
coefficients at 1300°F, calculated using Nusselt's laminar film model (Reference 12)
and Seban's turbulant film model (Reference 21), are also shown in the Figures

for comparison with the data.

The tubular insert data from Test Set No. 5 are based directly on the local

measurements of the potassium temperature obtained from the insert thermocouples.

-41-



The helical insert data from Test Set No. 4 are based on the local measurements
of the potassium temperature obtained from the insert thermocouples, corrected
to account for the increased pressure and saturation temperature at the tube

wall due to the radial acceleration caused by the helical insert. The analysis

on which this correction is based is given in Appendix E.

The local vapor qualities for each of the data points taken with an
instrumented tubular insert in Test Set No. 5, listed in Table 3, were calculated
by energy balance using the measured fluid temperatures and flow rates, as
discussed in Appendix E. The approximate local vapor qualities at the top
and bottom measuring stations, respectively, indicated in Table 2 for the helical
insert data of Test Set No. 4 were estimated by linear interpolation assuming
100% vapor at the test section inlet and 0% vapor at the test section outlet. As
discussed in Appendix E, this procedure results in an estimated error of about
5% in local quality at the measuring stations, compared to vapor qualities
calculated by energy balance. This amount of error is not significant in
determination of the condensing coefficients. A more detailed calculation of
the local vapor quality is not justified for the helical insert data because of
the uncertainties inherent in correcting for radial acceleration effects due to

the helical flow.
Examination of Figures 20-22 shows that:

(1) The condensing heat transfer coefficients are in the order of magnitude

of 10,000 Btu/hr—ft2—°F or more (Figures 20 and 21).

(2) The data from the bottom measuring stations (l&Di = 48) where the
vapor quality is least (X = 0.20) have slightly lower heat transfer coefficients
than those from the top measuring station GlyDi = 10) where the vapor quality is
higher (X *~0.88). As can be seen from the Figures, this experimental trend is in
general agreement with the trend of reduced heat transfer coefficient with increased

liquid film Reynolds Number predicted by theory (References 12 and 21).

(3) The measured condensing heat transfer coefficients are less than those

calculated by the Nusselt and Seban models.
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(4) Agreement between the helical insert data from Test Set No. 4 and
the tubular insert data from Test Set No. 5 is within the scatter of the data
(Figure 22).

The local condensing heat transfer coefficient data taken with an in-
Strumented. 1/4-inch OD tubular insert in a 5/8-inch ID tube (Test Set No. 5)
are plotted in Figure 23 versus local potassium saturation temperature, mass
velocity and local heat flux. As can be seen in Figure 23, the condensing
heat transfer coefficient is approximately independent of heat flux, mass

velocity and saturation temperature over the ranges of conditions tested.

Three of the data points shown in Figure 23 were taken at condensing
temperatures in the range from about 880°F to 1060°F. As shown in Figure 23,
the heat transfer coefficients for these three data points are significantly
less than for the other data, which were taken at saturation temperatures in
the range from 1100°F to 1400°F. It is possible that this is due to a trend
of decreased heat transfer coefficient with decreasing temperature which might
exist at the lower temperatures but is not evident in the higher range of
temperatures in which the rest of the data were taken. It is also possible
that these three points have lower coefficients because of some undetermined
experimental error which occurred when they were being taken. Excepting these
three lower temperature data points, nearly all the other Test Set No. 5 data
have condensing coefficients that are larger than 10,000 Btu/hr—ft2—°F, as

shown in Figure 23.

The characteristic of the measured condensing heat transfer coefficients
being generally less than those calculated using the liquid film models of
Nusselt (Reference 12) and Seban (Reference 21), as shown in Figures 20-22,
suggests the possibility of an additional thermal resistance besides that
associated with conduction through the liquid film. An investigation of this
was done by treating the Test Set No. 5 data (5/8-inch ID tube with instrumented
1/4-inch OD tubular insert) using an analytical model based on the concept of
there being a vapor phase thermal resistance that is additive to the resistance
due to conduction through the liquid film, as suggested by Rohsenow and Sukhatme

(Reference 16). The analysis is presented in detail in Appendix G. Major steps
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in the treatment of the Test Set No. 5 data to determine the vapor phase

thermal resistance and corresponding vapor phase coefficients are as follows.

First, the liquid film thickness & was calculated using Dukler's model
(Reference 28) for each of the Test Set No. 5 data points. Using these
values of & the heat transfer coefficient corresponding to conduction through

the liquid film was calculated employing Equation (5).

h =k

£ f/a (5)
The vapor-phase thermal resistances (1/hv) were then determined by

subtracting the calculated liquid film thermal resistance (1/hf) from the

experimental values of the total condensing thermal resistance (l/hc) measured

for each of the Test Set No. 5 data points, using Equation (6).

= - = (6)

In order to compare with theory the values of hv calculated from the
experimental heat transfer data using Equation (6), an analysis was done
based on kinetic gas theory following a procedure suggested by the work of
Schrage (Reference 32). The analysis, given in Appendix G, results in Equation (7)
for the vapor phase coefficient hv as a function of vapor saturation properties,

absolute temperature and condensation coefficient Uc

3

_ Ao ap _ P
h = O (55 - 37 )

The vapor-phase heat transfer coefficients obtained from the Test Set No. 5
data using Equation (6) are presented in Figure 24, together with calculated
values from Equation (7) for OC = 0.2. The selected value of Oc = 0.2 gives an
approximate best fit to the data (average deviation less than + 25%). The

vapor-phase heat transfer coefficients obtained for each of the Test Set No. 5
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data points and the corresponding values of Uc calculated for each data point

using Equation (7) are listed in Table 4.

As shown in Figure 24, the selected value of Gc = 0.2 results in fair
agreement between the vapor-phase heat transfer coefficients calculated using
Equation (7) and those obtained from the Test Set No. 5 data using Equation (6).
Vapor-phase coefficients obtained from the data of Engelbrecht (Reference 19)
using Equation (6), shown in Figure 24, are in order-of-magnitude agreement with
values calculated using Equation (7) with Gc = 0.2 for saturation temperatures
down to 700°F. A trend of decreasing vapor-phase heat transfer coefficient with
decreased saturation temperature is calculated using Equation (7) with Oc = 0.2,

as shown in Figure 24.

Results From Test Sets No. 1, 2 and 3

The heat transfer results obtained using a 5/8-inch ID tube without insert
(Test Set No. 1), a 5/8-inch ID tube with non-instrumented tapered pin insert
(Test Set No. 2) and a 3/8-inch ID tube without insert (Test Set No. 3) are
bresented in Figures 25-27 and Tables 5-7, respectively. Calculated values of
the condensing heat transfer coefficients At 1300°F, calculated using Nusselt's
laminar film model (Reference 12) and Seban's turbulent film model (Reference 21),

are also shown in the Figures for comparison with the data.

For Test Sets No. 1, 2 and 3 the local potassium temperatures at the
measuring stations, on which the local condensing heat transfer coefficients are
based, were estimated by linear interpolation between the measured potassium inlet
and outlet temperatures, with correction for pressure drop in the vapor inlet pipe
between the upstream bulk thermocouple station and the condensing section inlet.
As discussed further in Appendix H, this procedure for estimating the local
potassium temperature at the measuring stations probably contributed to the

increased scatter evident in the data obtained from Test Sets No. 1, 2 and 3.

The approximate local vapor qualities at the measuring stations indicated

in Tables 5-7 for Test Sets No. 1, 2 and 3, respectively, were estimated by
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linear interpolation assuming 100% vapor at the test section inlet and 0%

vapor at the test section outlet. Based on the calculated quality distribution
comparisons given in Appendix E this procedure results in an estimated error

of about 5% in local quality at the measuring stations. This amount of error

is not significant in determination of the condensing coefficients.

Examination of Figure 25 shows that the heat transfer coefficient data
from Test Set No. 1 (5/8-inch ID tube without insert) have more scatter but are
"in order-of-magnitude agreement with the Test Set No. 5 data (5/8-inch ID tube
with instrumented l/4-inch OD tubular insert) shown in Figure 21. Most of the
Test Set No. 1 data have coefficients larger than 10,000 Btu/hr-ft2—°F, but all
of the coefficients are lower than values calculated using the Nusselt laminar
film model (Reference 12) and the Seban turbulent film model (Reference 21), as

shown in Figure 25.

The Group-D data listed under Test Set No. 1 in Table 1, comprised of
forty-one data points taken in a 5/8-inch ID tube without insert, are not
included in Figure 25 and Table 5. This group of data was taken at approximately
the same conditions as the other data from Test Set No. 1 given in Figure 25 and
Table 5 and is reported in Reference 8. The majority of the Group-D data had
indicated coefficients that were negative due to excessive thermocouple errors
and possible mal-distribution of the sodium flow in the condenser shell, as
discussed in Reference B. Thus, the Group-D data are not useable. These sources

of experimental error were corrected for the other tests.

The data from Test Set No. 2 (5/8~inch ID tube with non-instrumented tapered
pin insert), are shown in Figure 26. The coefficients have more scatter and are
higher than the data from Test Sets No. 1 and 5, and they are higher than values
calculated using the Nusselt model and the Seban model. Examination of Table 6
shows that about half of the data points taken during Test Set No. 2 have indicated
coefficients that are negative, primarily at the top measuring station (not plotted

in Pigure 26), indicating excessive experimental errors in the data. Thus, the
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Test Set No. 2 data are not reliable and in consequence no definite comnclusions
can be drawn regarding the effect of the tapered pin insert on the condensing

heat transfer coefficient.

Figure 27 shows the data from Test Set No. 3 (3/8-inch ID tube without
insert). The coefficients have large scatter, both above and below values
calculated using the Nusselt and Seban models, especially at the top measuring
station (}Z/Di = 21). Examination of Table 7 shows that some of the data from
the top measuring station have indicated coefficients that are negative (not
included in Figure 27). Due to the large scatter in the data shown in Figure 27,
no definite conclusions can be drawn regarding the effect on the condensing
coefficient of a smaller tube size (3/8-inch ID) in comparison with coefficients

measured in the 5/8-inch ID tubes (Test Sets No. 1 and 5).
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VI CONDENSING POTASSIUM PRESSURE CHANGE RESULTS

In this section the experimental two-phase pressure change data
obtained during the condensing tests are presented and briefly compared
with predictions using the homogeneous flow model (K = 1) and the
Martinelli model (Reference 31) modified for application to potassium
(Reference 6). The experimental data presented include: overall pressure
change across the condensing test section as a function of flow rate; integrated
or overall two-phase friction pressure drop multiplier as a function of satura-
tion temperature; and local two-phase friction pressure drop multiplier as a
function of saturation temperature. The pressure change data in each case are
based on measurements of the two-phase potassium temperatures. The saturated
temperature-pressure properties given in Reference 69 were used to relate the

measured two-phase temperatures to the corresponding saturation pressures.

Pressure Change Versus Flow Rate

Assuming that at the condenser inlet the potassium is dry saturated vapor
(X = 1.0), the pressure change between the inlet and a position at distance /Z

downstream from the inlet where the local vapor quality is X is given by

2 p p
G f f £t/
Py - P = — - = = ¢ (8)
y4 17 0,8, A 2D 1-x
where
1 _ K . X 1-x
A |5 (1-X) + 5 = *+ X (9)
p f v

For total condensation from X = 1 at the test section inlet to X = 0 at

the outlet Lﬂ::Lc), the corresponding pressure change, from Equation (8), is

2 P fL
G £ C
P -P =—ne | Z_-1-_C52¢ (10)
1-0
o "I P e, N 2D



The integrated two-phase friction multiplier in Equation (10), ¢1_0, was
calculated for this portion of thce data treatment using the local two-
phasec friction multiplicr Hasced on :the homogencous o Llow modal (K-1),

which is (Referénce 06) ,

£ 1 Py -1
¢ = (dp/? . S [(pf/ v ] 1 (11)
2 (dP/d,Z.)Liquid 1+ X [(“f/“v) - 1]}
The integration of Equation (11) to obtain
LC
1
® o -1 J"O by [x(b] al (12)

is done assuming a linear variation of quality with length from the condenser

inlet, which can be expressed simply as

(13)

Fad
1
—
1
]
o £

The assumption of a linear variation in vapor quality is an approximation to
the actual distribution. The comparison of calculated quality distributions
given in Appendix E indicates that the error in local quality due to this
approximation is a maximum of about 10% to 15% at the middle of the test

section and about 5% at the measuring stations, compared to qualities calculated

by energy balance.

Overall condensing pressure change results obtained from Test Set No. 5
(5/8-inch ID tube with instrumented 1/4-inch OD tubular insert) are given in
Figures 28 and 29 for vapor inlet temperatures of 1200°F and 1300°F, respectively.
Overall pressure changes from condenser inlet to outlet calculated using
Equation (10) are also shown in the Figures for comparison with the data. The

analytical and experimental results are in good agreement for potassium flow
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rates up to about 70 1lbs/hr, which corresponds to vapor inlet velocities
of 1000 ft/sec at 1200°F and 600 ft/sec at 1300°F for Test Set No. 5. The
deviation between the experimental and calculated pressure changes becomes

larger as the potassium flow rate increases.

At the highest flow rates, for both 1200°F and 1300°F inlet vapor
temperatures, the data show an overall pressure drop from condenser inlet to
outlet, rather than the pressure increase calculated using Equation (10).

The pressure drop across the condenser increases with increasing flow rate.

At the lower flow rates, below about 70 lb/hr for 1200°F (Figure 28) and

below 100 lb/hr for 1300°F (Figure 29), the experimental data show an overall
pressure rise across the condenser, which is in reasonably good agreement with

the trend calculated using Equation (10).

Overall Two-Phase Friction Pressure Drop Multipliers

Equation (10) can be rearranged into Equation (14), which gives the
overall or integrated two-phase friction pressure drop multiplier ¢1—0 as a
function of the measured overall pressure change from condenser inlet to

outlet (P0 - PI) and the other flow variables.

2D f 0 I
- - - —_ 14
1-0 fL pv 1 Gz/p a9
f go

Experimental overall two-phase friction pressure drop multipliers
calculated using Equation (14) from the data of Test Sets No. 4 and 5 are
presented in Tables 8 and 9, respectively, and are plotted in Figure 30.
Two-phase friction pressure drop multipliers calculated using Equation (14)
from the data of Test Set No. 1 are presented in Table 10 and are plotted
in Figure 31. The potassium properties for these calculations are those
given in Reference 69 evaluated at the arithmetic average temperature -

between the test section inlet and outlet. The following smooth-tube
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friction factor equation of Blasius was used for calculation of the

single-phase liquid friction factor (Reference 61).
3
f = 0.316/(NRe) (15)

As suggested in Reference 10, the maximum helical velocity and
maximum helical path length were used in the calculations for the helical

insert geometry of Test Set No. 4.

Also shown on Figures 30 and 31 are values of the integrated two-phase
friction multiplier calculated using the homogeneous flow model of Reference 6,
given by Equations (11-13) and values obtained from the Martinelli model
(Reference 31) as modified for potassium in Reference 6. Referring first to
Figure 30, it is apparent that reasonably good agreement exists between
calculated values using the Martinelli model and experimental values of the
overall two-phase friction multiplier for both the helical insert data of
Test Set No. 4 and the tubular insert data of Test Set No. 5. The experimental
two-phase multipliers in general are higher than those calculated using the

homogeneous model (K = 1).

The experimental two-phase friction multipliers obtained from the Test
Set No. 1 data (5/8-inch ID tube without insert) are in good agreement with
values calculated from both the Martinelli model and the homogeneous model,
as shown in Figure 31. Nearly all of these data are in between the values

calculated using the two analytical models.

Local Two-Phase Friction Pressure Drop Multipliers

Local friction pressure drop multipliers were evaluated from measured
potassium axial temperature distributions of Test Sets No. 4 and 5. The local

pressure gradients were determined from the measured potassium temperature
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gradients using the potassium saturation pbressure-temperature properties
given in Reference 69. This was done for both the top and the bottom
measuring stations in the test section. The local pressure gradients were
determined using in each case the potassium temperatures measured with insert
thermocouples at three positions bracketing the measuring station, and a
least-squares procedure was used to calculate a best fit gradient through

the three temperatures.

The local friction pressure gradient (dP/d,{f)fr was estimated for each
data point by subtracting a calculated local pressure gradient due to
momentum change (dP/dlL)MOM from the measured pressure gradient (dP/d4), as
expressed by Equation (16).

dp dp dP.
& = - (= (16)
.. " L o

The local momentum pressure gradient can be expressed as

a (L

2
dp G
=5 =5 ) 17
T4 oM 8, 9~ B

1
where‘R-is given by Equation (9).
p

Homogeneous flow (K = 1) was assumed for the calculations, for which

Equation (17), combined with Equation (9), reduces to

2
dp G- 1 1, dx
& =2 (= -2 (18)
WLoyom & Py Py 9L

The local vapor quality gradient dx/ql for use in Equation (18) was
calculated from an energy balance using the flow rate and the local heat

flux at each measuring station.
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The local two-phase friction pressure gradients (dP/dJZ)fr, calculated
from Equation (16), were then used in the following Equation (19) to estimate

the corresponding local two-phase friction pressure drop multipliers Q@ :

2 g, D pf

dP
by = (=) (19)
l sz az fr

The single-phase liquid friction factor f was calculated from Equation (15).
For the helical insert data of Test Set No. 4, the maximum helical velocity

was used, as suggested in Reference 10,

Values of the local two-phase friction pressure drop multipliers Q@
calculated from the data of Test Sets No. 4 and 5 using Equation (19) are
presented in Tables 8 and 9 and Figures 32 and 33 respectively. Values of QZ
calculated using the homogeneous flow model (K = 1), given by Equation (11), and
the Martinelli flow model, modified for potassium (Reference 6), are shown on

the Figures for comparison with the data.

As can be seen from Figures 32 and 33 the experimental values of 9!
scatter widely and agreement with calculated values using either of the two
flow models is poor. In general, the experimental values of %& for the
bottom measuring station where the vapor quality was low are higher than the
values calculated from the two flow models, but at the top measuring station
where the vapor quality was higher agreement with the calculated values is
better. The vapor qualities indicated in Figures 32 and 33, X = 0.2 at the
bottom station and X = 0.8 at the top station, are within about 10% of the
qualities calculated by energy balance (Appendix E), which is sufficiently
accurate for purposes of comparing multipliers calculated theoretically with

those obtained from the data.

The large scatter in the data shown in Figures 32 and 33 indicate that the
errors in determining the local multipliers are too large for the data to be

useful other than to show order-of-magnitude trends.
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VII STABILITY OF LIQUID LEVEL IN CONDENSER TUBE

During the condensing heat transfer tests the potassium liquid level
was always maintained in the head-tank located about one-foot downstream of
the condenser. An alternate mode of operation is to maintain the ligquid
level in the active heat transfer zone of the condenser. An investigation of
the fluid temperature behavior and steadiness of operation when the liquid level
was moved from the head-tank into the condenser was done at the end of Test Sets
No. 4 and No. 5. Results from Test Set No. 5 (5/8-inch ID tube with instrumented
1/4-in OD tubular insert) are presented following. These results are essentially
the same as those obtained in Test Set No. 4 (5/8-inch ID tube with instrumented

helical insert, p/Di = 6).

Prior to raising the liquid level from the head-tank into the condenser
at the end of Test Set No. 5, the following steady-state conditions were

established:

Boiler Power 25 Kw

Average Condensing Heat Flux 120,000 Btu/hr—ft2
Test Section Power 20 Kw

Potassium Flow Rate 65 lb/hr

Vapor Inlet Temperature 1340°F

The test was started from these steady-state conditions by gradually reducing

the liquid potassium pumping rate from the head~tank, while the boiler electrical
power and the sodium flow rate were both held constant. Since the boiler power
was held constant, the potassium vapor generation rate in the boiler and the
potassium vapor flow rate into the condenser were nearly constant. Thus, with
the liquid patassium flow rate having been reduced from the original steady-state

value, the potassium vapor flow rate into the condenser became larger than the
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liquid removal rate from the heqd-tank. The result of this unbalance in

flow was to cause the liquid level to rise until it entered the condenser.

The results of this test are presented in Figure 34, which is composed
of two segments of a continuous oscillograph recording made during the test.
About one-hour had elapsed from the start of the test until the beginning
of Segment-1 in Figure 34, by which time the liquid potassium pump flow rate
had been reduced to 56 1b/hr. Entry of the liquid level into the condenser
section is indicated in Segment-1 by the decrease in the potassium outlet
t emperature TK from the initial 1339°F down to 1230°F over a period of several

0
seconds.

The liquid level continued to move upward in the test section and about
30 seconds later it reached the insert thermocouple located 5-inches upstream
of the condenser exit. The liquid level reaching this position is indicated

by a reduction in the potassium temperature at that point, as shown in Segment-1.

A subsequent slight reduction in potassium liquid flow rate to 53 1b/hr
at constant boiler power resulted in the liquid level moving gradually higher
in the test section until it had passed the insert thermocouple located 10-inches
upstream of the condenser exit, as shown in Segment-2. No further changes in
the potassium liquid flow rate were made for one-hour and during this period the
liquid level remained in the 5-inch long region of the test section between the
insert thermocouple located lO-inches upstream of the condenser exit and the next

higher insert thermocouple located 15-inches upstream of the exit.

The active condensing length during the last phase of the operation,
measured from the potassium vapor inlet end of the test section, was between
21-inches and 26-inches long. The corresponding average condensing heat flux
and potassium vapor flow rate at steady-state were about 150,000 Btu/hr—ft2 and
53 1lb/hr, compared to 120,000 Btu/hr—ft2 and 65 lb/hr, respectively, at the

start of the test. As shown in Segment-2 of Figure 34, the insert thermocouples
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on each side of the liquid level (10-inches and 15-inches upstream of the
condenser exit, respectively) indicate that the local potassium temperature
was reduced about 140°F in the 5-inch long region in which the liquid level

was located.

After the liquid level had been maintained in the upper position for one-
hour, the potassium pump flow rate was increased to approximately the original
value of 65 lbs/hr to lower the liquid level back into the head-tank. Throughout
the entire test only the potassium pump flow rate was varied and all other
system control variables, such as the boiler electrical power, the sodium flow

rate and air flow rate to the sodium cooler, were left constant.

The following observations can be made from the test results shown in

Figure 34:

(1) The liquid level was maintained in a steady position in the veritical
condenser with only small fluctuations of fluid temperature and flow rate, as

shown in Figure 34.

(2) A temperature differential in the potassium approximately equal to
the difference between the potassium saturation temperature and the sodium inlet
temperature was established over a 5-inch length of the condenser across the

liquid level.

(3) The liquid level could be gradually moved from one position to another
in the condenser by adjusting the- potassium pump flow rate, without any significant
fluctuations in temperature or flow rate other than the change in potassium axial
temperature distribution associated with the change in potassium condensing and

sub-cooled lengths.
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VIII APPLICATION TO CONDENSER DESIGN

The forced convection potassium condensing heat transfer coefficient
data presented in Section V are applicable to design of condensers
in which the potassium is condensed inside tubes. This application is
discussed briefly below, primarily in reference to a 7-tube NaK-cooled,
shell-and-tube potassium condenser. This condenser, which is described
in more detail in Reference 71, has a tube size, shell-side geometry,
pbower per tube and operating conditions which are typical of those anticipated

for space power system condensers.

The relationship between condensing heat transfer rate qc, potassium
condensing temperature TK’ the NaK cooling fluid inlet and outlet temperatures

TNaK and TNaK » and the required condensing heat transfer area inside the

I o]
tubes AC is given by the following equation.

T -
NaK0 TNaKI
qQ,.=U, A — (20)
C i C TK TNaK
b ——t
K NaK

o

The overall heat transfer coefficient Ui’ based on the tube inside diameter,

is calculated using

D,
_ i

1
—_ 21
ot (21)

w Do NaK

e i

1
h
c

The wall heat transfer coefficient hw in Equation (21) is given by

=]

—
2k
W

D
L An 2 (22)
w i
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and the condensing hea’ transfer crea Aﬁ 2w Eguztion (20) for uniform

)

diameter tubes is giwven by

AC = NUT Dl L(_‘, (23)

Consider the Jesign of = i 4 k3 Net-un 2i-i conienger for the following

assumed design coniitions (Referan.e Sl

Condensing heat tranzfer ralie 75 KW
Potassium saturation tempersatire 13C0°F
NaK inlet temperabv» e 1150°F
NaK outlet tempova*are ) 1250°F
Tube outside diameter 0.69-inch
Tube wall thickness 0.035-inch
Tube material SS 316
Tube spacing-to-dlameter rafio 1.3

For these conditicns the NaK heat tranztfer «o=ifi:ient on the shell-side

hNaK; the tube wall heat transfer coefflalsaat hw and the potassium condensing

heat transfer coefficient h are estimarcd 10 b
e

6,000 Etu/he-It -CF

h =

NaK .

W = 5,300 Btu/hr-f+ -0F%
h, = 15,000 Bte/ho-ft - OF

.

The NaK heat trausfer coefficient wesz sl ulzed from the equation of Dwyer
and Tu given in Reference 40, ani “he %211 heat t»ansfer coefficient was
calculated using Equation {44). The pofasium condensing heat transfer
coefficient hc = 15,000 Btu/hr-ftg~“F i an a--.m=d value based on the

data from Test Set No. 5 (5/& imch I t:1te with iustrumented 1/4-inch OD
tubular insert). As szhown in Figuw: 23 thiw weloe ol hc gives a reasonably
good approximation of the Test S=2t %e. 5 cata o er the temperature range

from 1100°F to 1400°F {average deviatiou from *he data less than + 30%).




The corresponding overall heat transfer coefficient calculated using
2
Equation (21) is Ui = 2470 Btu/hr-ft"-°F. Using this value in Equation (20)

together with the fluid temperatures listed above to abtain A and sub-

C’
stituting AC into Equation (23) results in an estimated condensing length
for the condenser of LC = 1.0 foot. Estimates of the relative sensitivity
of the calculated condensing length to uncertainties in the heat transfer

coefficients are as follows.

If hc were actually 7500 Btu/hr—ft2—°F, or 50% lower than assumed, the
overall heat transfer coefficient Ui would be 2120 Btu/hr—ft2-°F, for which
a condensing length of 1.17 feet would be calculated. A reduction of the
average NaK temperature from 1200°F to 1185°F would cause the condenser to
transfer the specified 75 KW in a 1-foot condensing length. If hc were
22,500 Btu/hr—ft2—°F, 50% higher than assumed originally, the overall heat
transfer coefficient Ui would be 2620 Btu/hr-ft2-°F and the corresponding
calculated condensing length is 0.95-foot. An increase in average NaK
temperature from 1200°F to 1205°F would cause the condenser to transfer the
75 KW in a 1-foot condensing length. This example illustrates the relative
insensitivity of the condenser design to ;rrors in the average condensing

heat transfer coefficient.

Based on the data from Test Set No. 5 (Figure 23), a reasonably
conservative design choice for the condensing potassium heat transfer
coefficient is hc = 10,000 Btu/hr—ft2—°F. The calculated condensing length
for the 7-tube condenser using this value is Lc = 1.12-feet, which is 12%
longer than the length calculated using the approximate mean value for the

2
Test Set No. 5 data of h = 15,000 Btu/hr-ft~-°F,
The overall pressure change of the potassium across the condensing

section (PO - PI)c can be calculated using Equation (24), derived in

Section VI.
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o FrlcTP.g 5 2D 1-0 (24)

Use of the Martinelli flow model (Reference 31), modified for potassium

(Reference 6) gives a reasonably good approximation of the overall two-phase

friction pressure drop multiplier ¢1_0, as can be seen by comparison with the

data from Test Sets No. 4 and 5 shown in Figure 30 and the data from Test
Set. No. 1 shown in Figure 31. The plots of ¢1_0 versus potassium saturation

temperature TK for the modified Martinelli flow model in Figures 30 and 31

can be used directly to determine ¢1_0 for design calculations,
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IX CONCLUDING REMARKS

The condensing potassium heat transfer and pressure change results
presented provide a reasonable basis for thermal design of potassium
condensers. The data cover the range of condensing temperatures from
1100°F to 1400°F, local heat fluxes from 30,000 to 300,000 Btu/hr—ftz,
inlet vapor Mach numbers from 0.1 to near 1.0, and local vapor qualities

of about 0.2 and 0.8, respectively.

Of the data presented, the condensing heat transfer coefficient data
obtained with the instrumented helical and tubular inserts from Test Sets
No. 4 and 5, respectively, are the most reliable, since for these tests
the local potassium temperature was measured directly by thermocouples in the

inserts (Figures 20-23).

The condensing tests were conducted with the potassium in vertical
downflow in order to eliminate the gravity force normal to the tube wall. The
good agreement between the data taken with a straight tubular insert (Test Set
No. 5) and those taken with a helical insert (Test Set No. 4), for which the
radial acceleration on the fluid ranged up to 100 g's, suggests that the effect
of body forces such as gravity on the forced convection condensing heat transfer

coefficient is small (Figure 22).

All of the condensing heat transfer and pressure change data were obtained with
the potassium liquid level maintained downstream of the condenser. Subsequently,
the liquid level was brought up into the active condensing section to investigate

the stability of this alternate mode of operation.

The range of condensing temperatures tested, 1100°F to 1400°F, is
anticipated to be the range of principal interest for design of space power
systems using potassium as the working fluid. As discussed in Section V, there
is some evidence that at temperatures lower than this range the condensing
potassium heat transfer coefficients might be less than the values obtained from

these tests (Figure 24).
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Major conclusions indicated by the test results are as follows:

(1) The condensing potassium heat transfer coefficients are relatively
high, typically in excess of 10,000 Btu/hr—ft2—°F. The measured coefficients
are nearly constant over the ranges of vapor saturation temperatures, mass

velocities and heat fluxes tested (Figure 23).

(2) The measured condensing heat transfer coefficients decrease slightly
with increased liquid film Reynolds number (Figures 20 and 21) and with
decreased vapor quality (Figure 23).

(3) Although the measured local condensing heat transfer coefficients
are high, they are lower than coefficients calculated by considering only the
thermal resistance due to heat conduction through the liquid film. Treatment
of the data using an analysis based on the concept of an additional thermal
resistance at the vapor-liquid interface (Appendix G) results in an empirical
value of the condensation coefficient of Gc = 0.2 giving a reasonable correlation

of the data (Figure 24).

(4) Overall two-phase friction pressure drop multipliers calculated using
a homogeneous flow model (equal liquid and vapor velocities) and using the
Martinelli model, modified for potassium, are in reasonably good agreement
with measurements using the 5/8-inch ID test section with an instrumented
helical insert (p/Di = 6) and with an instrumented }-inch OD tubular insert.
The modified Martinelli flow model gives the best agreement with the
experimental data for the overall two-phase friction pressure drop multiplier

$,_o (Figures 30 and 31).

(6) Test operation included conditions for which there was a net rise
in the potassium pressure across the condenser and conditions for which there
was a net pressure drop (Figures 28 and 29). There was no difference in

stability of operation between these two kinds of conditionms.
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(6) There was no observed difference in stability of operation between
having the potassium liquid level located in the acti ve heat transfer section
of the test condenser and having it located downstream of the condenser in the

head-tank (Figure 34).
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APPENDIX A

LIQUID HEAT TRANSFER RESULTS

At the beginning of the experimental program, liquid heat transfer
tests were made to gain familiarity with the facility and the test section
instrumentation. Local liquid potassium heat transfer coefficient data
obtained from these tests are given in Table 11 and are plotted in Figure 35.
A detailed listing of the experimental data from which these results were
obtained is given in Reference 4. The data cover the following range of
variables:

Reynolds Number, N 19,000 to 84,000

Re
Peclet Number, NPe 80 to 351
Prandtl Number, NPr 0.004
Potassium Temperature, TK 700°F to 810°F

The test section geometry used for these liquid coefficient tests was the
same as was subsequently used for Test Set No.1l-B (5/8-inch ID tube without
insert), shown in Figure 7. The potassium was in vertical upflow for the liquid

coefficient tests and was cooled by sodium in cocurrent flow on the shell-side.

The local heat fluxes and bulk fluid temperatures at the measuring stations
were calculated from energy balances using the measured flow rates and fluid
inlet and outlet temperatures. The overall heat transfer coefficient for the
test section was assumed to be constant for the energy balance analysis. The
error introduced by this assumption was small since more than half of the thermal
resistance between the two fluids was due to the thick-walled nickel tube. The
inner and outer tube wall temperatures were determined by a least-squares
procedure to fit the calculated heat fluxes and the measured temperatures inside
the tube wall at the measuring stations to the integrated Fourier heat conduction

equation, as described in Appendix E.
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The local liquid potassium heat transfer coefficient hK at each

measuring station was then calculated from the inner wall heat flux q/Ai,

the inner wall surface temperature Tw and the local potassium bulk fluid

i

temperature T, using Equation (A-1)

K

= — -1
he T (A-1)

Potassium fluid property values given in Reference 66 were used for these

calculations.

Equations (A-2), (A-3) and (A-4) are plotted in Figure 35 for comparison
with the data.

0.8
NNu = 5.0 + 0.025 NPe (A-2)
0.4
NNu = 0.625 NPe (A-3)
= 3.66 . -4
NNu 66 + 0.0055 NPe (A-4)

The experimental results are all below values calculated using the theoretical
Equation (A-2) of Seban and Shimazaki (Reference 50). The experimental values
are generally less than those calculated using the empirical Equation (A-3) .

of Lubarsky and Kaufman (Reference 47), but the general trend with Peclet number
appears to be about the same as that given by Equation (A-3). The author's
empirical Equation (A-4), which is similar in form to Equation (A-2), provides

a reasonably good fit to the data for Peclet numbers above about 150. At

lower Peclet numbers the data fall below values calculated from Equation (A-4).
The data obtained at the bottom measuring station (X!/Di = 19) are

believed to be more reliable than those obtained at the top measuring station

(J!/D& = 38), for the following reasons:
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(1) The difference between the potassium bulk temperature and the
wall temperature was greater at the bottom measuring station,
thereby making the coefficient determinations at the bottom

station. less sensitive to thermocouple error.

(2) Four tube-wall thermocouples were functioning at the bottom
measuring station during the liquid coefficient tests, whereas
only three thermocouples were functioning at the top measuring
station, which allowed a more reliable determination of the inner

wall temperature at the bottom measuring station to be made.

Thus, due to these uncertainties the small dependence on ’Z&Di indicated

by the data in Figure 35 is not necessarily true.

For runs 1-28 (Table 11)a maximum error in the experimental Nusselt
numbers of + 15% is estimated. A slightly larger error is possible for
data runs 29-31, due to the fact that at the low Peclet numbers for these
runs (NPe < 120) the difference between the measured sodium and potassium
temperatures was small, less than 2°F at the test section outlet. For the
rest of the data (NPe = 120) the smallest difference between the measured

fluid temperatures at the test section outlet was 4.5°F.

The sodium Reynolds number was maintained in the range from 21,000 to
29,000. No trend in the potassium Nusselt number as a function of sodium
flow rate is discernible in the data, which indicates that the dependence of
the sodium heat transfer coefficient on Reynolds number was small over this
range. An average sodium Nusselt number of 5.3 was obtained for the sodium
Peclet number range of 113 to 156. The measured data varied from this average
value with a standard deviation of 31%. Agreement between the average experimental
value of the sodium Nusselt number of 5.3 and the corresponding value of 5.6
calculated using the equation of Dwyer and Tu for an annulus (Reference 63) is

good.
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Liquid Potassium Heat Trangfer Data Obtalned
in 5/8-1inch ID Tube at 7OO°F to 810°F.
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| APPENDIX B

ELECTROMAGNETIC FLOWMETER CALIBRATION

Electromagnetic flowmeters were used in both the sodium loop and the
| potassium loop. Both flowmeters were used for the liquid heat transfer
coefficient tests described in Appendix A. For the condensing tests,
however, the potassium loop flowmeter was not used, due to the small potassium
flow rates in condensing, and the potassium flow rate was determined instead

by energy balance across the test section using the measured sodium flow rate.

The equation for calculation of the flow rate of an electrical conducting

fluid from the emf generated by an electromagnetic flowmeter, from Reference 67,

is:
104 Di KE
L. S S B-1
Wog E 3.18 ¥K, K, K, (B-1)
where
2 (i)
DO
K. = (B-2)
i Di 2 Di 2
— ' - —
1+ (D ) + R 1 (D)
(o] o]

The constant Kz in Equation (B~1) is a correction for end-effects and is
equal to 0.989 (Reference 67). The factor K3 is a function of the magnet
temperature and dimensions and for these experiments was between 0.99 and 1.0.
The pertinent dimensions and magnetic flow ratings of the two electromagnetic

flowmeters at room temperature are as follows:

Flowneter D., inch D , inch F, gauss
bl it o O Bikchud Zot—— LI - Sabaludid
Potassium 0.618 0.841 1989
Sodium 0.610 0.843 2019
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At the beginning of the liquid heat transfer coefficient tests described
in Appendix A a discrepancy in heat balance across the test section between
the potassium and sodium sides was found. The discrepancy was that the
indicated heat transfer rate from the potassium was about 15% higher thaﬁ the
indicated heat transfer rate to the sodium. It was therefore decided to
calibrate the potassium electromagnetic flowmeter in-place in the loop and to

then calibrate the sodium flowmeter relative to the potassium flowmeter.

A calorimetric method was chosen for the calibration. The thermal
calorimeter used is illustrated in Figure 36. An immersion heater was used
for heat input to the calorimeter to assure that all of the heat input to the
calorimeter went into potassium sensible heat. To determine the pbtassium

flow rate, three parameters have to be known:

(1) Heat input to the calorimeter, q, Btu/sec

(2) Specific heat of liquid potassium, cp , Btu/1b-°F
K
(3) The potassium temperature increase across the calorimeter

due to the heat input, (T, - T_ ), °F
KO KI

The heat input to the calorimeter was measured by a standard single-phase
wattmeter having full scale ranges of 500, 1000, and 2000 watts and an accuracy
of + 1/4% of full scale. The calorimeter heat loss and the systematic tem-
perature measurement error between the inlet and outlet potassium thermocouples
were determined by a technique similar to that used in the sodium thermocouple

calibrations, described in Appendix C.

With zero heat input to the calorimeter, the potassium loses heat to the
surroundings as a function of the temperatures of the calorimeter chamber and
the surroundings. For the condition of zero heat input to the calorimeter
(case-1) the heat loss from the calorimeter is given by:

9, = (pr) (T - T + A) (B-3)

K K 1

L K1 I 0
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where A is the systematic temperature measurement error between the inlet and
outlet potassium thermocouples. With heat input qa., to the calorimeter (case-2)

an energy balance gives:

q - q = (We ) (T - T - D) (B-4)
ca L2 P’ ko KO KI 2
Measurements with and without heat input qca vere made at the same average
potassium temperature, for which the calorimeter chamber temperatures and
corresponding heat losses qL were thus also the same. With this condition

imposed q,, can be calculated from the following Equation (B-5), which is

obtained by combining Equations (B-3) and (B-4) with q

Lt - 92
(We dr
q = (T, - T, -8, ++—L22(T, =T +04) (We ) (B-5)
ca Ko KI 2 (ch)xz KI KO 1 p K2

The potassium electromagnetic flowmeter was used to adjust the flow during

the calibrations so that (ch)Kl = (ch)Kz. With this condition, together

with the assumption that the systematic temperature measurement error between

the inlet and outlet potassium thermocouples A was independent of the calorimeter
heat input (Al = Az), Equation (B-5) reduces to

qca

WK2 = ) (B-6)

c (tr, -T + (T, - T )]
p K2 [ X, K, K1 KO’ 1

Equation (B-6) was employed to determine the potassium flow rate using
measured temperatures and heat input to the thermal calorimeter. For assumed
errors of + 0.5% in the calorimeter heat input Uppr 2.2% in the potassium
specific heat cpK and + 1.6% in the measured potassium temperature differences

(T - T, ), and (T - T, )., the estimated standard error in the calculation
K0 KI 2 KI KO 1

of flow rate using Equation (B-6) is + 3.1%.
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Flow rates calculated from Equation (B-6) were used as the basis for

calibration of the potassium electromagnetic flowmeter over the following

ranges of calorimeter conditions:

Potassium flow rate
Potassium Temperature Difference
Average Potassium Temperature

Calorimeter heat input

0.14 to 0.31 1bs/sec
11.5°F to 43.4°F
600°F to 700°F

0.76 to 1.6 Btu/sec

Four sets of calibrations resulted in an average ratio of the calorimeter

to electromagnetic flowmeter flow rates of 1.145 with a standard error of

+ 1.3%.

Multiplication of the flow rate indicated by the electromagnetic

flowmeter by the factor 1.145 brought the test section liquid-liquid heat

balances between the potassium and sodium sides into agreement within a standard

error of + 6.7%.

The test section

Error = 1 -

The test section heat
sodium thermocouples,

the potassium and the

heat balance error was calculated from Equation (B-7).

Na (B-7)

loss qL was determined during the calibration of the
as discussed in Appendix C. The heat transfer rate from

net heat transfer rate to the sodium were calculated

from fluid temperature and flow rate measurements made during liquid operation

using Equations (B-8) and (B-9), respectively.

=W C (T - T )
K
K pKM KI KO

q

Ia = "Na pNaM TNa Na
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The fluid temperatures used in Equations (B-8) and (B-9) were corrected values
based on the thermocouple calibrations discussed in Appendix C. The potassium
flow rates WK were corrected values based on the thermal calorimeter calibration
results discussed above. The sodium flow rates used were uncorrected values
obtained directly from the electromagnetic flowmeter output together with
Equation (B-1). Reference 68 was used for the mean values c of the sodium

pM
and potassium specific heats at test section temperatures.

The standard error in the test section heat balance calculated using
Equation (B-7) was + 6.7%. The heat balance error includes the error in sodium
flow rate determination and errors from other sources. The heat balance error
being small indicates that the sodium flow rate error was also small. On this
basis, the sodium flow rates obtained from the electromagnetic flowmeter output
together with Equation (B-1) were used directly, without further correction,
for the condensing data reductions. The potassium flow rates for the condensing
tests were determined by energy balance across the test section using the

measured sodium flow rates (Appendix E).

-89~



*UOTABIQTTE) J939UMOT] WNTSSBI0J J0J POSf 4938WIJOTER) TeWIdyL *9¢ 4n3Td

Jaquey) pajeinsul — 193 B3H

\ UOTSJI9UWT TBOTJL309TH

ri

~90-

.IIHL —
MOTJ | ! - ) \ll_l T
wntsselod | ] 4// \\\‘ 1\ | //

TI®M sotTJled
aTdnooowasyg SUTXTH




APPENDIX C

THERMOCOUPLE CALIBRATION

Stainless steel sheathed, capped, 0.040-inch diameter, chromel-alumel
thermocouples were used, due to their stability and relatively high emf output
in the 1100°F to 1400°F temperature range. The high output of the chromel-
alumel thermocouples, approximately 23 microvolts /°F, minimized temperature
errors due to instrumentation noise, which was generally less than + 3 micro-

volts.

Since the condensing heat transfer coefficients for potassium are high,
in the order of 10,000 Btu/hr—ft2—°F, accurate.calibrations of the test section
thermocouples were necessary. For calculation of the condensing heat transfer
coefficient the difference between the vapor and wall temperatures is needed.
Therefore, in-place calibrations of all test section thermocouples relative to

each other were done.

Initial calibrations indicated inhomogeneities in the chromel-alumel
sheathed thermocouples, which might have been caused by bending the thermo-
couples during installation. These inhomogeneities were detected by moving a
soldering iron at about 700°F along the exposed thermocouple length after
installation and observing the change in thermocouple output. All thermocouples
which indicated greater than 50 microvolts (2°F) output change during the
homogeneity check were replaced. In addition an individual ice junction was

provided for each thermocouple to reduce errors caused by junction emf's

For intercalibration of the sodium inlet and outlet well thermocouples,
sodium fluid temperature measurements were obtained at one temperature and
two different sodium flow rates, with the potassium loop evacuated and with
no heating of the test section (Reference 4). From these data the test
section heat loss and the individual thermocouple corrections were determined
independently as functions of average sodium temperature, as shown below. For
two runs under the above conditions at two different flow rates, Equations C-1

and C-2 are applicable:
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(T - T + D)

(w cp) Nal Na Na (c-1)

I (o) 1

i

w cp) Na2 (TNaI - TNa + A)2 (c-2)

q
L2 0

where A is the required correction between the sodium inlet and outlet

thermocouples.

At the same average sodium temperature the average shell temperatures and,
consequently, the test section heat losses will be the same for both runs, i.e.,
qu = qpo° Also, if each thermocouple has a systematic correction which is
independent of flow rate, the systematic thermocouple correction between the sodium

inlet and outlet thermocouples can be obtained from Equation A-3.

(TNaI - TNaO)l - (TNaI - TNaO)Z
A= + (T - T ) (c-3)
) —(W cp) Nal NaO NaI 1
(W cp) Na2

The assumption of thermocouple corrections independent of flow rate is

reasonable for the test section geometry used.

This method of calibration yields only relative calibrations between the
inlet and outlet sodium well thermocouples. The correction, A, was applied to
thermocouple readings used in the calculation of the amount of heat transferred
to the sodium from the potassium during condensing tests. The test section
heat loss was simultaneously determined during these thermocouple calibration

runs.

In a similar manner , an attempt was made to determine relative calibrations
between the potassium inlet and outlet well thermocouples. However, these
calibrations were unsuccessful, probably due to the lack of fluid mixing at the
test section inlet and outlet on the potassium side. Therefore, to obtain
relative calibrations between the potassium fluid thermocouples and the nickel

tube wall thermocouples, a different procedure was used.
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For calibration of the potassium thermocouples, the test section annulus
was evacuated and potassium vVapor was passed through the test section while
the test section shell was maintained at the potassium vapor temperature by use
of electrical heating. The small amount of vapor passing through the test
section from the boiler waé condensed by heat losses in the head-tank below the
condenser. Test section thermocouple readings were obtained under these
conditions for each test geometry at 1200°F and 1300°F, both before and after
the heat transfer tests. From these data a systematic correction for each test
section thermocouple relative to a selected standard thermocouple was obtained
as a linear function of temperature. For the last two test sets (Test Sets No. 4
and 5), the maximum thermocouple correction relative to the standard thermocouple
was less than 3°F. Agreement between the thermocouple corrections determined

before and after condensing operation was generally better than 1°F.
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APPENDIX D

TEMPERATURE FIELD DISTORTION IUE TO THE THERMOCOUPLE
HOLES IN THE THICK-WALL NICKEL CONDENSER TUBE

An analogue using teledeltos paper was used to determine the magnitude
of the temperature field distortion caused by the axial thermocouple holes in
the thick walled nickel tube of the test section. A flux plot was made on a
six-times enlarged cross-section of the test section geometry. After the
teledeltos paper was cut to size, it was checked for uniformity of resistance
in the vicinity of the thermocouple holes before the holes were cut. The
maximum deviation of the measured potential from the calculated values was
+ 0.3%, with an applied potential difference of 10 volts between the inner and

outer radii.

The flux plot determined from the analogue is shown in Figure 37. Maximum,
minimum and average potentials measured around the circumference of each hole
are listed in Table 12 together with the values calculated for the undistorted
geometry at the radial position of each hole center. The calculated and
measured values agree within a maximum error of 3.5%. On the basis of this
small error, the temperatures indicated by the wall thermocouples were assumed
for the data reductions to be equal to the temperature at the radial position

of the respective thermocouple hole centers.

The noncircular holes shown in Figure 37 simulate those used in the first
test section built, which was subsequently discarded. All the other test
sections had drilled circular thermocouple holes. This slight difference in
shape of the thermocouple holes between what is shown in Figure 37 and those
used for the condensing tests would not have enough effect on the temperature
field to alter the principal conclusion of this study, that the effect of the

thermocouple holes on the measured wall temperature distributions is negligible.
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APPENDIX E

CONDENSING DATA REDUCTION PROCEDURES

Fluid Properties

The potassium thermodynamic properties used for reduction of the
condensing data were obtained from Reference 69. Specific heats for
liquid sodium and liquid potassium were taken from Reference 68. Other
sodium and potassium liquid transport properties used for the data

reductions were obtained from Reference 66.

Potassium Flow Rate

In general, the potassium flow rates used for the condensing tests
were too small to measure accurately with the electromagnetic flowmeter.
For this reason the potassium flow rates for the condensing tests were
determined indirectly by calculated energy balance across the test section
using the measured sodium flow rate and measured sodium inlet and outlet

temperatures, as follows.

Assuming that the potassium entered the test section as saturated vapor
and that the effect of subcooling of the liquid film at the test section

outlet was negligible, the potassium flow rate WK was calculated from

q,
W:K

K~ X (E-1

By an energy balance across the test section the heat transfer rate from the

potassium qK was calculated from

— E-2
UG = Gy, *+ 9 (E-2)

Na

Combining Equations (E-1) and (E-2) gives for the potassium flow rate

-

W (E-3)

k =% (g, *9g)
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The test section heat loss rate qL was determined by test, as described
in Appendix C. The net heat transfer rate to the sodium qNa was calculated

from

qNa = wNa CpNa <TNao - TNaI) (E-4)

The sodium temperature difference in Equation (E-4) was determined using
measured bulk fluid inlet and outlet temperatures, corrected for relative
thermocouple errors as described in Appendix C. The sodium flow rate was
calculated from the sodium loop electromagnetic flowmeter output using

Equation (B-1), as discussed in Appendix B.

Local Wall Temperature and Heat Flux

The local temperatures at the inner surface of the condenser tube wall Twi
and the local heat fluxes q; were determined from temperature measurements using
thermocouples located inside the wall at the top and bottom measuring stations,
respectively. The arrangement of the wall thermocouples is described in

Section III.

The Fourier heat conduction equation (Reference 12), Equation (E-5),

R
woi R
- BT | R -5
e = "o qil-‘ 1n (Ri) (E-5)

w
was fitted to the measured internal wall temperatures Tw by a least-squares
fit procedure for each data run. The local temperature at the inner surface
of the wall was then calculated from the fitted Equation (E-5), as illustrated
for two typical cases in Figure 16. The calculations were done using the
following matrix equation, Equation (E-6), derived from Equation (E-5) to
express the inner wall surface temperature T

wi
fit to the measured internal wall temperature ij at the respective radial

in terms of the least-squares

positions Rj'
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wi (E-6)

where

9 = (E—7)

Inside wall temperatures ij were normally measured at five different locations
inside the wall at both measuring stations, for which the summation limit in

Eguations (E-6) and (E-7) is No = 5.

The local heat flux at the inper wall surface was calculated for each case
using Equation (E-8), derived from Equation (E-5) to express the local inner
wall surface heat flux q; in terms of the least-squares fit to the measured

internal wall temperatures ij at Rj’

N
[o]
E T
N, oy

Ew 1

9% “®9 N N, (E-8)
1 (o) RJ RJ.
1n (ET) ij 1n (EI)
1 1 1
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in which A is given by Equation (E-7).
The mean value of the tube wall thermal conductivity Ew used for these

calculations was evaluated for each case at the mean wall temperature iw’

which was calculated using

T

ZIH

v
o

%o
Z Ty (E-9)
1

The thermal conductivities kw of the INCO Nickel-270 condenser tube used
were values measured by Battelle Memorial Institute, Columbus, Ohio, given

in Figure 38.

Local Potassium Saturation Temperature

The local potassium temperature axial distributions were measured
directly using the insert thermocouples for Test Sets No. 4 and 5. The local
potassium temperature at the measuring stations for Test Sets No. 1, 2 and
3, for which no insert thermocouples were used, was determined by linear
interpolation between bulk potassium temperature measurements at the test
section inlet and outlet. An examination of the dependence of the experimental
condensing heat transfer coefficients on the potassium temperature distribution

is given in Appendix H.

For Test Set No. 4 an instrumented helical insert (p/Di = 6) was used.
For the data from Test Set No. 4 the insert thermocouple temperatures were
corrected by analysis to account for the radial pressure rise and corresponding
saturation temperature rise in swirl flow to obtain the estimated saturation

temperature at the tube wall. The analysis used is as follows.

In cylindrical co-ordinates the equation of motion is

DN

(E-10)

zl <

dR
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With the assumption that the axial component of the velocity, Vz, is

independent of the radius, Equation (E-11) is obtained.

) R (E-11)

If the liquid fraction in the two-phase mixture is neglected, and the
density is assumed to be the vapor density, Equation (E-11) can be integrated

to obtain Equation (E-12), which gives the difference between the pressure

at the condensing surface, PD, and the pressure at the insert centerbody pDCB'
2
2 2 D
XG m CB
- = —_— - (=— -12
o Poes = G o G |1 G (E-12)

1

The temperature measured by the helical insert thermocouples was assumed
to be the saturation temperature corresponding to the static pressure at the

insert centerbody, P The radial pressure difference due to the swirling

DCB’

flow, as calculated from Equation (E-12) was then added to P to give PD,

DCB
the pressure existing at the liquid-vapor interface. A corrected value of the

potassium saturation temperature T_ corresponding to PD was then determined and

K
used to calculate the condensing heat transfer coefficient.

The effect of this correction was to decrease the experimental condensing
heat transfer coefficients for the helical insert data of Test Set No. 4, as
a result of increasing the vapor saturation temperature from the measured
centerbody saturation temperature to that corresponding to the pressure at
the liquid-vapor interface. With this procedure, potassium saturation
temperature corrections up to 20°F were obtained. As indicated in Figure 22,
reasonably good agreement between the data for the 5/8-inch ID tube with helical
insert (Test Set No. 4) and the data for the tubular insert (Test Set No. 5)

was obtained after application of the correction.
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Condensing Heat Transfer Coefficient

Experimental values of the local condensing heat transfer coefficient
hc were calculated for each measuring station using Equation (E-13).
"
93
)

¢ (Ty - T4y

h (E-13)

and the values of Twi and q; obtained from Equations (E-6) and (E-8). The

corresponding Nusselt condensing ratio N and the liquid film Reynolds

Nuc

number NRef used in the correlations in Section V were calculated from

Equations (E-14) and (E-15), respectively.

hc Vz 13
Nue = % (g_) (E-14)
4wK (1-X)

Npetr = n—n'i—u__ (E-15)

Fluid properties used in Equations (E-14) and (E-15) were those of the saturated
liquid (Reference 66).

Local Vapor Quality

For Test Set No. 5 (5/8-inch ID tube with instrumented 1/4-inch OD tubular
insert) the local vapor quality at the measuring stations, listed in Table 3 and
used in Equation (E-15), were calculated by energy balance using the measured
potassium temperature distribution, inlet and exit sodium temperature, sodium
flow rate, and the experimental condensing heat transfer coefficients. The
procedure used for this calculation was to first estimate a value for the overall
heat transfer coefficient using calculated values of the shell-side sodium heat
transfer coefficient and tube wall heat transfer coefficient together with the
measured condensing heat transfer coefficient. Then, the heat flux and sodium
temperature distributions were calculated using the estimated overall heat
transfer coefficient, the measured potassium temperature distribution and the
sodium exit temperature. The calculation proceeds step-wise from sodium exit to

inlet. The difference between the calculated and: measured value of the sodium

-102-




inlet temperature is used as the closure criterion. 1If agreement within about
3°F is not obtained on the first iteration the value of the overall heat transfer

coefficient is adjusted and the procedure repeated. This process is continued

until the measured and calculated sodium inlet temperature agree within about %°F.

Finally, the vapor quality distribution was calculated by energy balance on the
fluid usihg step-wise integration of the heat flux proceeding from the potassium

vapor inlet.

The results of the calculation for one of the data runs is shown in
Figure 39. As can be seen from Figure 39 the difference between the vapor
quality calculated by energy balance and the quality estimated by linear
interpolation is about 5% at both measuring stations. The measured potassium
temperature distribution for the data shown in Figure 39 (Run No. 37), is one
of the most non-linear obtained from Test Set No. 5 (Figure 17). Thus, the
differences between the calculated quality and quality estimated by linear

interpolation shown in Figure 39 should be among the largest for Test Set No. 5.

A similar procedure for calculating the local quality was attempted for
the Test Set No. 4 data (5/8-inch ID tube with instrumented helical insert,
p/Di = 6), using an additional step in the analysis to correct for the effects
of the swirl-flow on the saturation temperature at the wall. The results of
the calculation for one of the data runs is shown in Figure 40. For this run
the difference between the vapor quality calculated by energy balance and the
quality estimated by linear interpolation is about 5% at the bottom measuring
station and about 8% at the top measuring station. Since the required correction
for swirl flow effects adds additional uncertainty to the local vapor quality
calculations and since the differences between calculated qualities and qualities
estimated by linear interpolation (Figure 40) are small, linear interpolation was
used for estimating the local quality at the measuring stations for use in

Equation (E-15) for the Test Set No. 4 data.

For the data of Test Sets No. 1, 2 and 3, the local quality at the

measuring stations was estimated for use in Equation (E-15) by linear interpo-
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lation. Based on the calculated quality comparisons shown in Figures 39

and 40 the estimated error in local vapor quality at the measuring stations
is about 5%. The error in estimating the local vapor quality causes a small
error in the calculation of the local liquid film Reynolds number. The error
in the vapor quality estimates is not relevant in determination of the

experimental condensing heat transfer coefficients.

It was assumed for the estimates of local vapor quality that the potassium
enters the condenser as saturated vapor and exits as saturated liquid. The
errors introduced by these approximations are assumed to be negligible. The
piping from the boiler to the condenser was well-insulated to prevent any
significant heat losses from the vapor. The potassium exit piping was
similarly well-insulated. Estimates of the heat losses between the condenser
exit and the liquid level in the head-tank downstream of the condenser (Figure 1)
indicate that the vapor quality of the potassium at the condenser exit was less
than 1%. The vapor inlet piping from the boiler to the condenser was well

insulated to maintain the inlet vapor quality at about 100%.

Pressure Change

The pressure change data presented in Section VI were obtained from
measurements of the two-phase potassium temperatures. The potassium pressures
were assumed to be the saturation pressures corresponding to the measured local
fluid temperatures. The fluid property data in Reference 69 were used for the

pressure change data reductions.

Liquid Film Coefficient For Calculation Of Vapor Phase Resistance

The liquid-film heat transfer coefficient h defined by Equation (5), was

)
calculated using Dukler's model (Reference 28) fir use in Equation (6) to obtain
the vapor-phase resistance 1/h_ from the Test Set No. 5 data. The Nusselt
condensing ratio, (hf/kf)(vfz/go)l/s, calculated using Dukler's model is given
in Figure 41 as a function of liquid-film Reynolds Number and T:, the

dimensionless shear stress at the vapor-liquid interface.
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The dimensionless shear stress Tt is calculated using

v
173 (E-16)
/go)

.
ik 5
v

pe (Ve

for which the vapor shear stress TV is given by
dp
T, = > (Di - D ) (= (E-17)

s ‘ap

The local pressure gradient of the vapor due to friction was estimated using

2
f oV
dPp vV'v v
(=5 = (E~-18)
az v 2go (Di DCB)
where
4 WK X
vV = (E-19)
v ®.2-0_%
m pv i CB

The vapor-phase friction factor was calculated from the Blasius smooth-tube

equation (Reference 61),

f - 0.316 (E_zo)
Voo o}
Rev

Although Dukler's thermal analysis of the condensing problem is in error
for low Prandtl number fluids, as has been shown by Lee (Reference 27), the
Dukler model accounts for shear at the vapor-liquid interface and appears to
correlate liquid-film thickness data reasonably well (References 33, 34 and 35).

For this reason Dukler's film thickness analysis was used for the calculations.
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Local Quality, X, dimensionless
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Flgure 39. Calculated Potassium Quality Distribution Compared

to Linear Interpolation for Run No. 37 of Test Set
No. 5 (5/8-inch ID Tube with Instrumented 1/4-inch
OD Tubular Insert)
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Local Quality, X, dimensionless
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Figure 40. Calculated Potassium Quality Distribution Compared

to Linear Interpolation for Run No. 21 of Test Set
No. 4 (5/8-inch ID Tube with Instrumented Helical
Insert, p/Di =6)
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APPENDIX F

HEAT TRANSFER COEFFICIENT ERROR ANALYSIS

The error in the experimental local condensing heat transfer coefficients

is a function of the errors in measurement of the following local quantities:
(1) Potassium saturation temperature
(2) Heat flux
(3) Tube inner wall temperature

An analysis of these measurement errors was done for the data of Test Set

No. 5 (5/8-inch ID tube with instrumented 1/4-inch OD tubular insert).

Temperature Error - Two sources of temperature measurement error were

considered, random measurement errors and errors due to thermocouple drift

alone,

To determine the probable random error in the measurement of the potassium
saturation temperature, readings from three of the insert thermocouples were
considered. Three repetitive readings from each of the three thermocouples for
three different groups of runs were used for the statistical analysis. The
thermocouple identification numbers (T/C No.), the distance of the thermocouple
from the condenser inlet (Af, inches) and the probable errors calculated from

the thermocouple readings are listed below,

Insert

T/C No. ,ét inches Probable Error
23 1 + 0.1°F
28 26 + 0.4°F
29 31 + 0.4°F

-111-



The identification numbers for the three repetitive runs in each data
group, as listed in Reference 9, and the dates on which each data group
used for these calculations were taken are: Runs 19, 20, 21, taken 2/27/65;
Runs 25, 26, 27, taken 2/28/65; and Runs 28, 29, 30, taken 3/2/65. The
average of the probable errors for these three thermocouples is + 0.3°F,
which was assumed to be the probable error in the potassium thermocouple
temperatures ETK'

The probable random errors for two of the nickel tube wall thermocouples,
one at the top measuring station and one at the bottom measuring station, were
also estimated from readings taken during these same runs. The thermocouple
identification numbers (T/C No. ), measuring station at which the thermocouples
were located, the radial position of the thermocouples in the tube wall
(R, inches) and the probable errors calculated from the thermocouple readings

are listed below.

Wall

T/C No. Station R, inches Probable Error
11 Top 0.409 + 0.4°F
16 Bottom 0.408 0.3°F

1+

The average of the probable errors for these two thermocouples is + 0.3°F,

which was assumed to be the probable error in the wall thermocouple temperatures

ETw'

The thermocouple temperatures used were corrected values, based on the
calibrations discussed in Appendix C. To make allowance for thermocouple
drift with time, the thermocouple corrections used were the averages between
the calibrations performed at the beginning of test operation and those
performed at the end of test operation. The differences in indicated temperatures
from the thermocouples between the before-test calibrations and the end-of-test
calibrations were assumed to be drift. The absolute values of the drifts

listed below were measured at 1300°F. The errors due to thermocouple drift were
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assumed to be one-half the total drift between the before~test

and the end-of-test calibrations.

Drift, °F

Error, °F

calibrations
Thermocouple Number
i 1.6 23 28 29
+1.6 +2.4 +1.0 +0.6 +0.4
+0.8 tl.z +0.5 +0.3 to.z

The probable error due to drift for the five thermocouples is assumed to be

the average of the five individual errors.

On this basis the probable error

due to thermocouple drift Ed was calculated to be 0,6°F

Heat Flux Error - The error in

tube wall thermal conductivity
gradient in the condenser tube
two error sources were assumed

in an estimated probable error

the heat flux q; is due to uncertainties in the
and uncertainty in the measured temperature
wall (Appendix E). For this analysis these

to have probable errors of 2% each, which results

" 2
for the heat flux of Eq" = 0.028 a5 Btu/hr-ft".

Wall Temperature Error - The probable error in the temperature at the tube

wall inner surface Twl

temperature drop across the nickel tube wall.

2
heat transfer coefficient for conduction through the tube wall of 1300 Btu/hr-ft -°F,

was assumed for this analysis to be 1% of the total

Based on an estimated average

relative to the tube inner diameter (5/8-inch ID), the estimated error in the

tube wall inner surface temperature is ETw1

Condensing Coefficient Error -

coefficient Eh was estimated from these component errors

= 0.01 q'i'/1300, oF.

The probable error in the condensing heat transfer

using Equation (F-1),

2 2
E E 1/ E 2 !
q" Twi
2= =+ d 1 s , (F-D)
h T - T. T, - T_.
c qi wi K wi
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for which, in summary, the component probable errors used were:

(1) E thermocouple drift error = 0.6°F

2
2) EiK’ potassium thermocouple error = 0.3°F
3) ETw’ wall thermocouple error = 0.3°F
(4) Erwi? tube surface temperature error = 0.01 q;/1300°F
(5) E'(;, heat flux error = 0.028 q'i', Btu/hr—ft2

At typical test conditions of q; = 150,000 Btu/hr-ft2 and (TK - Twi) = 15°F
which corresponds to a condensing heat transfer coefficient hc = 15,000 Btu/hr-ft2-°F,
a probable error in hc of + 15% was calculated using Equation (F-1). Assuming
a random distribution of errors, this value corresponds to a standard error in

hc of + 22% (Reference 70).

Figure 42 shows values of the probable error in the condensing heat transfer
coefficient as a function of heat flux and potassium-to-wall temperature difference
estimated using Equation (F-1). As shown in the Figure, the probable error
decreases with increased temperature difference at constant heat flux, and

increases with increased heat flux at constant temperature difference.

A similar error analysis was not performed for the data taken in the other
Test Sets. It is believed that the data from Test Sets No. 1, 2 and 3, for which
direct measurements of the local potassium temperature at the measuring stations
were not made, have a larger error than the Test Set No. 5 data, due to additional
errors involved in estimating the local potassium saturation temperature TK’ as
discussed in Appendix H. The data from Test Set No. 4 (5/8-inch ID tube with
instrumented helical insert, p/Di = 6), for which the local potassium temperature
was measured directly, should have approximately the same errors as estimated
in this Appendix for Test Set No. 5 plus an additional uncertainty due to the
correction for effects of swirl flow on the saturation temperature at the tube

wall, as discussed in Appendix E.
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Figure 42.

Estimated Probable Error In Condensing Heat
Transfer Coefficient As Function Of Fluid-
To-Wall Temperature Difference And Heat Flux
For Test Set No. 5 Data (5/8-inch ID Tube With
Instrumented 1/4-inch OD Tubular Insert)
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APPENDIX G

ANALYSIS OF POTASSIUM VAPOR-PHASE THERMAL RES ISTANCE

In order to compare with theory the values of the vapor-phase coefficient

hv obtained from the Test No. 5 data using Equation (6), an analysis was

conduct ed

based on a procedure suggested by the work of Schrage (Reference 32)

and used by Rohsenow and Sukhatme (Reference 16). The analysis is as follows.

From kinetic gas theory (Reference 36), the mass flux of molecules
impinging on a surface is given by
Mgo %
G =P (—) (G-1)
2MRT
When equilibrium exists between a saturated vapor and its liquid, the

mass flux

molecules

of molecules leaving the liquid surface equals the mass flux of vapor

condensing on the liquid surface. That is, the net rate of heat

transfer is zero. This equality is expressed by

Pv (—) = Ps (—) (G-2)
21TR TV 2R TS

Pv = pressure of the saturated vapor

Tv = temperature of the saturated vapor

TS = temperature of the liquid at the liquid-vapor interface
Ps = saturation pressure corresponding to Ts

When a net rate of mass transfer occurs, such as in condensing, a condition of
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nonequilibrium exists at the vapor-liquid interface. For condensing, the
net mass flux of molecules Gc leaving the vapor and condensing into the liquid

can be expressed as

Mgo Mgo
G, =0, P (——) -0 P (—) (G-3)
2R T 2R T
v s
where
Oc = condensation coefficient, the mass flux of molecules from the
vapor which actually condense divided by the mass flux predicted
by Equation (G-1) for Pv and Tv'
0 = evaporation coefficient, the mass flux of molecules which actually

leave the liquid surface divided by the mass flux predicted by
Equation (G-1) for Ps and Ts.

It was assumed for the treatment of the Test Set No. 5 data that Uc = Ue.

With this assumption Equation (G-3) reduces to Equation (G-4).

Mg, 3 e, 3
G =0, P (— -P_(—) (G-4)
¢ V. omR T, S omR T,

Substituting from Equation (G-1) into Equation (G-4) gives
G =0 [ G -G ] (G-5)
c c mv ms

Assuming that all of the heat transferred from the vapor to the liquid
film is by condensation, an energy balance on a unit area of the heat transfer

surface, using Equation (G-5), gives
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(G-6)

c,C A ()\ Gm)

where the difference A is between the two sets of pressure and temperature

conditions P , T and P, T .
v v s s

A vapor phase heat transfer coefficient hv can be defined as

h = q"/AT (G-7)
v v

where q" is the condensing heat flux and Amv is the corresponding difference

between the bulk vapor temperature Tv and the liquid surface temperature Ts'

Substituting into Equation (G-7) from Equation (G-6) for q" results in

ata) .
h =0 —_— (G-8)

, v c AT

‘ v

| For small values of the temperature difference ATV, the latent heat of
vaporization can be assumed to be constant and the’righthand side of Equation (G-8)
can be expressed as a derivative to give Equation (G-9)

dG

h = oc X ETE (G-9)
v

Substitution from Equation (G-1) into Equation (G-9) results in Equation (G-10)

for the vapor-phase heat transfer coefficient.

3
Mg
h =0 A = (G _P, (G-10)
v c oM R T dTr 2T
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Equation (G-10) was used to calculate the vapor-phase heat transfer coefficients
for comparison with the values obtained from the Test Set No. 5 data (Section V,
Equation 7). Saturation properties for potassium from Reference 69 were used for

these calculations.

Values of the vapor-phase coefficient for potassium as a function of saturation
temperature with the condensation coefficient Oc as a parameter, calculated using
Equation (G-10), are shown in Figure 43. As can be seen from the Figure, the
calculated vapor phase heat transfer coefficient increases with increased

saturation temperature TK and is proportional to the condensation coefficient Oc'

It is interesting to compare the relative importance of the vapor-phase
heat transfer coefficient for potassium with that of a higher Prandtl number fluid
such as water. Figure 44 shows the vapor-phase heat transfer coefficients
calculated for water and potassium, respectively, using Equation (G-10) with
Gc = 1.0. The corresponding liquid-film heat transfer coefficients calculated
using Nusselts model (Reference 12) for an assumed liquid-film Reynolds number
NRef = 103 are shown in the Figure for comparison.

Figure 44 shows that over the pressure range from 0.1 to 100 psia, the vapor
phase heat transfer coefficient for water at Oc = 1.0 is in the order of 102 to
more than 104 times as large as the liquid film heat transfer coefficient. A
value of Cc = 0.3 has recently been reported for water (Reference 37). Thus,
the vapor phase thermal resistance for water is very small relative to the thermal
resistance due to conduction through the liquid film, even for condensation
coefficients as small as cc = 0.1. 1In contrast, for potassium, even with
condensation coefficients as large as Oc = 1.0, the vapor phase coefficient is
about equal to the liquid film coefficient at 1 psia (TS = 990°F) and is less

at
than ten times the liquid film coefficient at 25 psia (TSat = 1500°F).
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APPENDIX H

DEPENDENCE OF EXPERIMENTAL CONDENSING COEFFICIENTS
ON POTASSIUM TEMPERATURE DISTRIBUTION

As indicated in Appendix E, linear interpolation between the bulk
potassium temperatures measured at the condenser inlet and outlet, respectively,
was used to estimate the local potassium temperature at the measuring stations
for the data of Test Sets No. 1, 2 and 3. The effect on the heat transfer
coefficient accuracy of the linear potassium temperature distribution approxima-
tion can be studied by comparing coefficients obtained from Test Set No. 5
(5/8-inch ID tube with instrumented 1/4-in. OD tubular insert), which are based
on direct measurement of the local potassium temperature, with values calculated
from the same data using linear interpolation to estimate the local potassium

temperatures.

Figure 45-a shows the condensing heat transfer coefficient data from Test
Set No. 5 obtained using the measured local potassium temperatures. These are
the same data as presented in Figure 21 except that the three low-temperature
data points (discussed in Section V) have been deleted for this comparison.
The same data, but with the coefficients obtained using local potassium temperatures
estimated by linear interpolation from measured condenser inlet and outlet

bulk potassium temperatures, are shown for comparison in Figure 45-b.

Comparison of Figure 45-b with Figure 45-a indicates that using linear
interpolation to estimate the local potassium temperature causes increased scatter
of the heat transfer coefficients compared to the coefficients obtained using the
measured local potassium temperatures. The increased scatter is particularly

evident for the data taken at the top measuring station (Af/Di = 10).
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TABLE 4

VAPOR PHASE COEFFICIENTS CALCULATED FROM TEST SET NO. 5 DATA

Top Station, j/Di = 10 Bottom Station, ,@/Di = 48
h (3 N )
(1 Vo, (2 ¢ Vo2, (2) ¢
Run No. Btu/hr-£ft -°F . Btu/hr-ft -°F ___
1 20,300 0.29 24,400 0.34
2 20,400 0.24 27,100 0.31
3 25,300 0.23 28,200 0.25
1 39,000 0.26 26,700 0.18
5 20,500 0.14 24,700 0.17
6 19,900 0.17 33,600 0.29
7 19,500 0.23 23,400 0.26
8 18,700 0.26 23,500 0.31
9 18,800 0.27 23,800 0.30
10 18,500 0.21 25, 100 0.27
11 22,700 0.20 24,700 0.21
12 26,500 D.15 25,100 0. 11
13 31,600 0.12 20,600 0.079
14 30,800 0.12 23,300 0.090
15 23,300 0.13 24,100 0.13
16 19,200 0.141 22,900 0.16
17 16,600 0.14 20,900 0.17
18 19,000 0.18 23,400 0.20
19 21,300 0.15 26,000 0.17
20 22,500 0.13 28,600 0.16
21 21,900 0.099 24,800 0.098
22 23,900 0.093 22,600 0.087
23 24,900 0.14 22,000 0.12
24 23,200 0.14 25,200 0.14
25 18,700 0.13 20,500 0.13
26 19,000 0.17 21,800 0.19
27 22,000 0.15 27,700 0.18
28 21,600 0.12 29,600 0.16
29 22,900 0.086 23,000 0.085
30 18,400 0.070 30, 100 0.11
31 18,000 0.10 35,600 0.19
32 26,000 0.15 52,000 0.30
33 20,800 0.13 33,300 0.22
34 19,800 0.16 3,600 0.066
35 18,200 0.19 3,800 0. 086
36 17,400 0.26 1,200 0.072
37 18, 100 0.20 14,900 0.14

(1) Opcrating conditions for cach run are given in Table 3
(2) hv calenlated from data in Table 3 using KEgqualtion (6)
(3) 0(‘ calceculated from hv data using kquation (7)
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TABLE 8

TWO-PHASE FRICTION PRESSURE DROP MULTIPLIERS OBTAINED FROM TEST SET NO. 4 DATA
(5/8-inch ID Tube With Instrumented Helical Imsert, p/D, = 6)

Run, | Teq Teo W v, (P-P) 8, _(2) %y (3 % (3)
No. °F °F_ lbs/hr. ft/sec. psi Top Station Bottom Station
1 1182.8 1179.1 23.3 380 . 105 1319 1854 873
2 1247.1 1245.1 21.0 234 .078 954 1379 639
3 1155.6 1145.9 40.6 783 .231 1622 2124 1268
4 1221.8 1216.1 38.8 501 .208 1156 1625 1026
5 1295.8 1292.4 35.8 306 . 168 823 1359 835
6 1399.6 1398.4 29.6 150 . 091 510 559 346
7 1391.7 1390.4 46.7 246 . 099 466 543 347
8 1282.4 1278.6 53.4 490 . 177 811 1025 662
9 1207.7 1198.2 57.9 812 .300 1258 1580 1012
10 1109.9 1067.2 54.5 1418 . 705 2462 3544 2018
11 1146.9 1128.8 50.0 1020 .401 1832 2552 1461
12 1203.0 1195.4 47.5 684 .234 1256 1682 1007
13 1211.3 1200.9 57.0 783 .334 1259 1654 1011
14 1207.0 1182.3 61.8 870 .746 1518 2153 1135
15 1260.0 1235.5 69.8 725 .967 1275 1807 895
16 1295.8 1283.3 69.4 593 .618 965 1297 694
17 1407.6 1405.1 61.5 300 . 198 485 607 384
18 1405.4 1401.1 83.1 410 .341 520 625 431
19 1301.0 1269.6 87.3 725 1.49 1164 1674 799
20 1255.5 1199.9 87.6 933 2.00 1522 2303 1082
21 1212.5 1058.0 89.9 1225 3.45 2196 3697 2144
22 1267.0 1140.1 107.5 1074 4.07 1778 2889 1535
23 1306.5 1249.0 104 839 2.63 1317 2066 931
24 1405.2 1380.5 107.5 531 1.87 837 1205 545
25 1401.3 1370.0 121 608 2.30 859 1216 556
26 1310.3 1218.4 121 957 3.96 1425 2275 1111
27 1321.0 1166.9 142 1063 6.08 1529 2358 1393
28 1407 1364.9 131.5 644 3.10 923 1328 623
29 1395.5 1323.7 144.6 747 4,74 1102 1620 725
30 1142.4 1130.9 34.8 731 .253 1807 2570 1443
31 1110.4 1091.2 37.7 978 .362 2272 3370 1836
32 1093.2 1081.8 21.4 624 . 187 2426 3684 1694
33 1152.5 1147.0 18.8 369 . 130 1736 2665 1150

(1) Operating conditions for each run are given in Table 2
(2) ¢1—O calculated from data using Equation (14)

(3) ?L calculated from data using Equation (19)
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TABLE 9

TWO-PHASE FRICTION PRESSURE DROP MULTIPLIERS OBTAINED FROM TEST SET NO. 5 DATA
(5/8-inch ID Tube with Instrumented 1/4-inch OD Tubular Insert)

3) 3
Run o Tx1 Txo " Yy (Po~PP @1 o 2 %
No. °F °F_ lbs/hr. ft/sec. psi Top Station Bottom Station
1 1106.2 1109.1 23.0 585 . 053 2419 2821 2262
2 1143.1 1144.8 22,7 453 . 039 1896 2118 1742
3 1194.7 1195.2 20.3 294 . 015 1391 1539 1315
4 1257.4 1257.4 18.9 190 (0] 1025 1231 945
5 1252.7 1253.3 * 34.5 356 . 033 1125 1608 1494
6 1200.8 1203.6 36.1 503 . 088 1433 1778 1764
7 1142.3 1151.2 38.4 710 . 206 1939 2108 2044
8 1112.6 1122.0 38.1 928 . 184 2513 2979 2516
9 1112.7 1128.5 44,7 1089 .316 2494 3207 2578
10 1149.4 1160.9 43.9 841 . 280 1871 2228 2024
11 1197.2 1204.2 44,2 630 .219 1376 1548 1500
12 1301.3 1303.4 42,7 338 . 109 763 755 795
13 1404.4 1404.9 41.0 194 . 040 492 515 397
14 1402.4 1402.8 45.8 219 . 032 544 622 461
15 1307.1 1309.9 51.1 392 . 145 783 837 820
16 1238.8 1245.5 53.0 592 .259 1108 1180 1221
17 1206.1 1215.4 53.9 728 . 305 1374 1472 1506
18 1186.8 1205.9 69.1 1048 . 582 1627 1814 1691
19 1250.0 1260.0 69.8 731 .410 1124 1169 1201
20 1295.2 1301.0 69.6 569 . 289 899 878 954
21 1393.8 1395.1 65.0 323 . 099 587 609 574
22 1400.4 1401.3 82.3 396 .071 656 741 561
23 1302.4 1308.1 87.0 685 . 295 997 1278 834
24 1296.0 1301.5 86.9 707 . 276 1049 1258 902
25 1256.2 1267.2 87.3 883 . 465 1238 1840 959
26 1211.3 1209.2 86.0 1126 -.069 1999 4154 1191
27 1260.4 1274.4 105.0 1038 .611 1286 1708 1139
28 1312.0 131148 107.2 802 -.011 1190 2626 3395
29 1413.2 1413.7 102.7 466 . 041 680 906 646
30 1410.5 1416.0 121.3 557 .454 588 935 362
31 1309.8 1320.8 123.1 931 . 598 1036 2233 572
32 1312.0 1308.0 138.0 1011 -.429 1338 3790 179
33 1296.5 1278.7 131.0 1064 -.8563 1589 4149 263
34 1264.0 1119.1 126.6 1226 -.438 2950 5946 2000
35 1198.0 .1074.3 108.3 1535 -2.75 3369 6431 3007
36 1167.0 884.4 96.7 1657 -3.48 4380 10,747 6703
37 1162.3 1182.0 68.8 1214 . 527 2024 1081 1778

(1) Operating Conditions for each run are given in Table 3
(2) ¢1_0 calculated from data using Equation (14)
(3) calculated from data using Equation (19)
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TABLE 10

TWO-PHASE FRICTION PRESSURE DROP MULTIPLIERS
OBTAINED FROM TEST SET NO. 1 DATA
(5/8-inch ID Tube Without Insert)

Run s Tx1 Txo Yk Vi (Py~Pp) $1-0¢2

No. °F °F lbs/hr ft/sec psi

Group A
1 1153.4 1161.0 25.7 410 . 176 1657
2 1170.0 1176.8 27.1 395 . 176 1517
3 1175.3 1181.7 27.6 385 , 169 1560
4 1180.7 1186.5 27.8 380 . 158 1601
5 1175.5 1182.6 29.4 410 . 188 1618
6 1173.2 1180.5 29.4 415 . 191 1635
7 1169.4 1177.3 29.5 430 . 202 1627
8 1169.7 1177.4 29.5 430 . 199 1646
9 1174.5 1181.7 29.0 405 . 189 1572
10 1178.5 1185.4 30.3 415 . 187 1690
11 1181.7 1188.4 30.6 410 . 183 1690

Group C

1 1135.0 1148.5 33.2 600 .290 2306
2 1130.2 1143.6 32.1 595 .284 2330
3 1158.1 1165.8 26.3 410 . 187 1518
4 1248.9 1250.6 22,9 205 . 068 1052
5 1269.6 1274.6 39.7 315 .214 894
6 1238.6 1244.9 40 375 .234 1190
7 1214.3 1223.2 40,2 440 .292 1271
8 1311.4 1315.7 46.0 295 . 228 734

(1) Operating conditions for each run are given in Table 5

(2)

1-0 calculated from data using Equation (14)
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TABLE 11

LIQUID POTASSIUM HEAT TRANSFER DATA*

Bottom Station, A?/Di = 19 Top Station, /Z/Di = 38
Run Npe (TK_Twi) qi,104Btu Myu (TK'Twi) qi,104Btu N\u
No. °F hr-ft2 op hr-ft2

1 351 12.7 2.87 5,09 6.85 1,77 5.79
2 340 12.2 2.76 5.10 6.49 1.68 5.81
3 315 11.9 2.65 4.97 6.18 1.57 5.68
4 289 12.0 2.60 4.86 5.98 1.50 5.58
5 264 10.3 2,22 4,79 5.02 1.22 5.42
6 244 10.4 2.19 4.69 4,87 1,17 5.33
7 219 10.7 2,19 4.57 4,75 1.10 5.15
8 188 10,8 2.13 4,39 4.41 0.99 5.00
9 171 11.0 2,11 4.28 4,17 0.92 4,90
10 143 10.8 2.04 4,19 3.51 0.78 4.93
11 162 9.8 1.97 4.49 3.64 0,82 4,99
12 176 10.0 1.98 4,43 4.00 0.89 4.93
13 202 9.8 1.96 4.48 4,30 0.96 4.99
14 233 9.8 1.97 4,53 4,73 1.05 4.98
15 256 9.4 1.99 4.77 4,57 1.10 5.41
16 278 9.3 1.98 4.78 3.19 1.14 5.34
17 308 9.5 2,11 5.04 5.01 1.26 5.66
18 331 9.4 2.15 5.17 5.10 1.32 5.83
19 345 9.4 2,16 5.24 5.16 1.34 5.90
20 341 14.4 3.13 5.00 8.18 1.97 5.49
21 324 14.4 3.05 4.84 8.14 1.89 5.30
22 302 14.6 3.02 4,72 8.06 1.83 5.17
23 270 15.1 3.04 4.59 7.82 1.76 5.11
24 239 15.2 2.86 4,25 7.86 1.58 4,51
25 238 14.9 2.95 4.45 7.18 1.61 5.00
26 279 14.4 2.99 4.67 6.63 1.74 6.11
27 305 14.6 3.00 4.65 7.38 1.82 5.60
28 336 14.4 3.19 5.02 7.94 1.97 5.59
29 115 6.6 1.12 3.82 2.29 0.37 3.62
30 94 6.1 1.00 3.67 1.76 0.26 3.43
31 80 6.4 0.94 3.33 1.73 0.21 2,75

*Obtained with test section geometry of Test Set No. 1-B (Figure 7), 5/8-inch ID

thick-wall nickel tube, potassium in vertical up-flow cooled by sodium in cocurrent
flow.
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TABLE 12

RESULTS FROM FLUX-PLOT ANALOGUE OF TEMPERATY?E
FIELD IN THICK-WALL NICKEL CONDENSER TUBE

T/C Radius, Calc'd.
Hole No. inch Potential
Ri 0.313 1000
1 0.398 758
2 0.449 637
3 0.518 494
4 0.601 346
5 0.698 196

(1) Potentials are normalized to a value of 1,000 at the inner surface

(2)

Maximum

1000

875

748

600

435

275

(radius Ri) corresponding to 10-volts in the analogue test.

(2) Calculation based on tube wall without thermocouple holes.

(3) See Figure 36.
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Potential From Flux Plot Analogue(s)
Minimum Average

1000 1000

630 753

515 632

400 500

260 348

130 203
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